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Designing materials for metal remediation and pneeatration based on
naturally occurring metal binding proteins has lmeecof growing interest due to their
inherent selective and strong binding, ease ofr@gi$ and available amino acid building
blocks, and environmental innocuity. One approacthrough the use of immobilized
synthetic biohomopolymers which can provide theed@lity based on the amino acid
side chain moiety with strong binding, easy on-dednalease, and reusability.

An attempt to increase metal binding selectivitytluése biohomopolymers was
done though cross-linking at specific locationstaseffectively “lock” in place the
preferential binding cavity for a particular metallhe cross-linking of these materials
resulted in decreased metal capacities with litlleno increases in the targeted metal
selectivity. This was likely due to the loss @fumd metal during cross-linking and to a

lack of rigidity in the overall cross-linked polyme
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Short composite peptides synthesized on a comntigraiailable resin, TentaGel
were also examined as a means to increase megatigity. These peptides showed
surprisingly high metal binding capacities, strdmigding, and residue per metal binding
ratios which were an order of magnitude better ttegults previously reported for longer
chain poly-amino acids (50 — 70 residues) attadime@orous glass supports. Metal
binding selectivity’s were altered by changing oolye amino acid and metal release
under acidic conditions was surprisingly rapid floese shorter peptides. As a result of
these findings, the metal binding and conformationhanges between TentaGel
immobilized short and long peptide chains duringtahdinding and release were
monitored using Raman microscopy. These resutlicated that metal release occurred
via conformational changes in addition to protaspthcement.

Lastly, a method to screen multi-metal binding d¢altees of combinatorial
peptide libraries was developed using electrothenwaporization inductively coupled
plasma mass spectrometry (ETV-ICP-MS). With theegxion of metals that are bound
tightly to the peptide, acid stripping of the metal a single bead into a small volume
appears as a viable quantitative analytical approaben using this method with
instrumental precisions of better than £10% for tmostals when larger polymer beads

(~250 pum) were employed.
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Chapter 1: Introduction

This dissertation focuses on improving the metahdinig properties of
immobilized peptides for metal remediation and preentration. Firstly, two studies
undertaken to enhance the metal-binding selectiatyimmobilized peptides are
presented. Next, the secondary structure formednglumetal binding of a long
biohomopolymer attached to a polymer support iestigated. Lastly, a new method to
analyze single beads from peptide combinatorialaties as a facility to determine
selective metal binding sequences is presented.

A thorough review of peptides and amino acids imitieddl onto solid supports
for metal remediation and preconcentration is presein Chapter 2. Figure 1.1. shows

the number of publications in this area per yeantbwhen preparing this review.

12

r 10

No. of Publications

Figure 1.1. Number of publications per year indhea of immobilized amino acids and
peptides used for metal remediation and precoraotr (Data was
gathered using the search engines Scifinder and @feBcience with
approximately 40 search terms).



The number of publications retrieved from a litarat search shows steady
interest in this area from 1988 until present, wathbeak in 2002. The larger number of
publications in 2002 originates from various reshagroups and the subsequent fall may
be a result of diminished research funding for emunental studies. Much of published
work focuses on the attachment of single aminosacrdhomopeptides to solid supports
with little modification. As a result, many metaihding residues have been thoroughly
characterized for their metal binding selectivitaasd capacities. Continued interest in
this field is required to improve the selectiviti/tbese materials and to design peptide
chelators in a more intelligent manner based onaimanding protein sequences; in
addition to the use of peptide combinatorial libgar

Chapters 3 and 4 propose two different methods ificreasing the metal
selectivity of these peptide materials. Chaptdo@ises on efforts to metal template
through the cross-linking of simple homopeptidesmwbilized to solid supports.
Chapter 4 demonstrates the use of composite shaim-peptides to control selectivity.
These studies also demonstrate the use of a coreafidrphase peptide synthesis (SPPS)
resin for not only peptide synthesis but also fdrsequent use as an ion-exchange resin.

Chapter 5 examines the secondary structure of amomiy used peptide,
polyaspartic acid (PLAsp), during metal binding aetbase. This study also shows the
unique metal binding properties in relation to jp#gptlength on polymeric (SPPS)
supports.

Chapter 6 demonstrates the utility of electrothérmegporization inductively
coupled mass spectrometry (ETV-ICPMS) for the deteation of single bead metal
content from peptide combinatorial libraries. Tkisidy also examines the precision

from bead-to-bead during sample preparations astduimental detection.



These studies as a whole contribute to the impremnof metal selective
immobilized peptides. The knowledge of peptideoséary structure on supports in
addition to the synthesis and modification of “lhigeently designed” peptides, will aid in

the development of new materials to be used foreatirand future metal remediation

needs.



Chapter 2: Immobilized Peptides/Amino Acids on Sadl Supports for
Metal Remediation

2.1. INTRODUCTION

Heavy metals are introduced into the environmerduth a number of industrial
processe$. Depending on the chemical form and exposure jeveavy metals can
potentially be very harmful to humans and have gatiee impact on the environment.
Unlike organic pollutants, metal contamination xaeerbated by the fact that metals are
a non-degradable, recirculating contaminant andractate in the environmeft. As a
direct result of this fact, it is necessary to rdrate heavily contaminated sites. This can
only be accomplished by isolation and recoveryed\y metals since degradation is not
an option. As a first attempt at remediation, bieighniques, such as simple filtration or
precipitation are often utilizet’ Although these techniques are useful in remowing
significant fraction of the contaminant, they areble to reduce the contaminant levels
to meet environmental agency regulations for mdrtii@ more toxic metals. As a result,
a polishing or finishing step must be employedisTimishing step is often in the form of
a chemical extraction. The ideal metal extrackon reclamation technique must have
the following attributes:

1. Selectivity — binding only to the metal of interestus allowing for separation
from metals that are harmless or beneficial thatic@verwhelm the available
binding sites and significantly reduce the efficggror capacity of the extracting
media.

2. Strong binding — necessary if effective removalrfroontaminated areas to an
allowable level is to be realized.

3. Easy release — allowing for efficient preconcerdratof the contaminant and

rejuvenation or reuse of the media.
4



4. Environmental innocuity — preventing further contaation when the media is
ultimately discarded.
5. Stability — ability to be reused with an extendetetime, ensuring cost
effectiveness.
In many instances, the attributes sited for rentgxgtiaare identical to those desired if
preconcentration methodologies are sought as a snafaassisting analytical detection
methods. With the need to establish concentrdgeals in the low to sub-ppb levels,
validation of the remediation procedure requiressigive analytical tools. While
techniques exist for all regulated contaminant Ievenany labs must resort to less
sensitive instrumental capabilities and must empgbogconcentration tools to detect
regulatory levels.

Currently, the most common chemical modes of metahoval include ion
exchangers or removal by chelation with synthetiovn ethers or other macrocylic cage
molecules’® The most significant drawback associated witticglpion exchangers is
the lack of selectivity in metal binding and/or Wwdanding characteristics. While crown
ethers are both selective and strong binders, @ymlydentate chelation within a sized
cavity, they often exhibit slow release kineticsThis is a potential problem when metal
reclamation is required. In addition, many crowthees are also very toxic, so using
them may simply add to the problem of contamination

As a result of the inherent problems with mostha turrent metal remediation
strategies, researchers are now turning towardradagystems. For the purposes of
limiting the scope of this review, the vast bodyre$earch in phytoremediation will not
be covered, although it remains a very active dfetive approach to remediation for
both natural waters and soils. Similarly, the nsemmobilized unicellular algae and

other micro-organisms in metals preconcentratiod semediation has a long history
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with encouraging results but lies outside the saoipthis review. However, the likely

source of binding in these unicellular material #ne chemicals that make up the
organism, one could consider a more focused eHibrisolation of these particular

biocompounds and direct utilization of only thosdlidar components that are directly
involved in metal binding. While these can rangeharacter from simple cellulose to
more elaborate proteins, this review will focus tbe potential utility of amino acids,

peptides, and proteins that have been immobilizedacsubstrate for general use in
column applications.

A well known class of metal binding proteins, thetallothioneins, is an example
of such biomolecules that are characterized asnbaai high degree of metal binding
specificity and have been isolated in a wide vgrigtorganisms(e.g>*%. Their strong
binding characteristics and selectivity seem tdhé criteria of the ideal metal chelator.
Upon immobilization these proteins seemed to Idsa@rtmetal binding capabilities
outside of the pristine cellular environment wherey typically function in natur&. In
this particular instance, closer examination ofesalmetallothioneins showed that their
sequences contained a significantly high percentgeysteine residues and that
sulfhydryl groups present on these residues arengpily responsible for metal
binding®** This suggests the possibility of using simpleiranacid chains or synthetic
peptides (e.g., poly-amino acids) as metal bindatig@rnatives to natural peptides.
Considering only the natural set of amino acids oan readily recognize a variety of
functionalities that could serve as coordinaticessifor metal chelation. Using amino
acids as building blocks with their various sidaiaols and recognizing that peptides are
simple polymers of these units using a common antidkage, a wide variety of

interesting chelators could be envisioned. Mormcsjzally, these chelators may exhibit



the desired characteristics of specificity and hthes added side benefit of being non-
toxic when discarded.

This review will focus on studies directed at mddiading by immobilized amino
acids (Figure 2.1) as well as short chain polygkgsti In some instances the
incorporation of amino acids into short polymericams or evaluation of anionic

compounds are also included.
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OH CHg3 CHg3
. o] . [¢] . ., 0 . [¢] . ., 0
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Figure 2.1. Selected set of amino acids thaé eeen used by various researchers as
immobilized chelators of metals.



2.2. SINGLE AMINO ACIDS

As mentioned previously, cysteine (Cys) is a majomponent of a group of
metal binding proteins, called metallothioneths. As a result, researchers have
investigated Cys immobilized onto a solid supportdse as a metal chelator. Elmahadi
and Greenway utilized Cys immobilized onto siladizeontrolled pore glass (CPG)
through a gluteraldehyde linker for preconcentratid Cd*, Co**, CU*, H¢?*, PIF*, and
Zn*** Capacities for these metals were determined ¢irdmeakthrough curve analysis
and calculated at 12.48, 5.50, 7.86, 6.06, 11.668,7a88 mmol of metal/g of dry resin,
respectively.

Denizli and coworkers*®and Disbudak et al.also utilized immobilized Cys for
metal preconcentration and remediation. In each tbese studies 2-
methacryloylamindocysteine  (MAC) was  allowed to catea with 2-
hydroxyethylmethacrylate (HEMA) in an aqueous mediuThe product was spherical
beads, with an average size of 150 — 200, of poly(2-dyroxyehylmethacrylate —
methacryloylamidocysteine), (p(HEMA-MAC)). The losa were characterized
according to their swelling ratio, FTIR analysisndaelemental analysis. The
spectroscopic studies were conducted in the absainoeetal to characterize the beads
and confirm the incorporation of MAC, not to stuithg metal binding characteristics. In
separate studies, binding characteristics weremated for A", Cd*, CF*, C*, HE,
and PB"; and it was shown that while the pHEMA beads eithib negligible C&'
binding, p(HEMA-MAC) beads exhibited significant €aapacity. The microbeads can
be regenerated with an acidic solution. Sevenatliss have been conducted using
glycine (Gly) residues supported on various crogskil resins. George and coworkers,
and Vinodkumar and MatthéWwstudied the metal binding capabilities and theaf of
the degree of crosslinking on metal uptake on molgamide crosslinked with N,N’-

8



methylene-bis-acrylamide (NNMBA) with supported Glély was incorporated into the
resin by transamidation using a solution containamg excess of the sodium salt of
glycine. The metals studied include®dCif*, FE*, Fe*, Ni**, and ZA*. Metal binding
increased with an increase in crosslinking, unt 8rosslinking and then decreased.
Interestingly, the metal desorbed resins showectifspgy toward the previously
desorbed metal over other metals. This was at&ibto “pockets” left by the desorbed
metal or the “memory” of the ligand for the metal.

George et al. also studied the metal binding gbdit divinylboenzene (DVB)-
crosslinked polyacrylamide supported Gly toward’C&€w*, Ni**, and ZA**® Once
again, Gly residues were introduced through tramdaion with Gly. Interestingly, as
the degree of crosslinking increases from 2-20%,ttetal complexation decreases due
to a decrease in the available carboxylate ligdadsnetal binding with an increase in
DVB content. The resin does show enhanced spiggifmwvard the desorbed metal over
other metals in subsequent runs, and the time dbinding of the desorbed metal is
significantly less for rebinding than it is for fi@l binding as seen with the NNMBA
crosslinked resin.

Finally, George et al. directly compared the maial- complexation
characteristics between Gly functionalities supgdrt on DVB-crosslinked
polyacrylamide and NNMBA-crosslinked poylacrylamittevard Cé*, Cu#*, Ni?*, and
Zn***' DVB was chosen because it is more rigid and hyliobic than NNMBA. The
NNMBA-crosslinked polyacrylamide was shown to be renceffective at metal
complexation than the DVB-crosslinked resin whilgB>showed increased selectivity
over NNMBA. Again, metal rebinding is much fas@nd more specific than initial
binding on both resins. Each of these resins @megenerated by acid washing and

reused.



In a procedure similar to that described previotislyenizl>°and DisbudaR!
Say et al. prepared poly(hydroxyethyl methacryt@enethacrylamidohistidine)
p(HEMA-co-MAH) beads for metal complexatiéh. Again, these beads were fully
characterized without metals bound by swelling sidFTIR, and elemental analysis of
the bead. In additional experiments, the metatlibop affinity was demonstrated to be
CU* > CrP* > H™* >P¥* > Cf* and the beads could be easily regenerated witt 0.1
HNO:s.

In an attempt to prepare a novel molecular impdradsorbent to remove heavy
metals, Say et al. synthesized?Cw imprinted poly(ethylene glycol dimethacrylate-
methacryloylamidohistidine/Cii (poly(EGDMA-MAH/Cu?*) microbeads by dispersion
polymerization of EGDMA and MAH/CU.?® After removal of the Cii, these beads
exhibited a maximum Cii capacity of 48 mg of Cilg of support and excellent
selectivity of Cd* over zrf*, Ni**, and C&". Metal binding exhibited a strong
dependence on pH, with increased binding at inecea#i. C@" was easily desorbed
with EDTA and the beads were reusable without aisggnt loss in capacity.

Phenylalanine (Phe) has also been immobilized @ptwerical macroreticular
styrene-divinylbenzene beads to create a chelagsm®® This resin was capable of
separating Cii from Cd* and Nf*. Cd* and Nf* are not retained on the column at pH
3 while copper is and can be eluted with 1 M HCTIhe beads are also capable of

removing Ca" from seawater.

2.3. IMMOBILIZED POLY-AMINO ACIDS ON SILICA AND CARBON SUPPORTS

In addition to single amino acids, poly-amino acaisd peptides have been
immobilized onto solid supports for use in metaklating systems. Jurbergs and

Holcombe attached poly-L-Cysteine (PLCys) (n~50dess)to CPG via a procedure
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described by Masoom and Townsh&hdnd characterized it according to it's d
binding capabilitie¥® Using breakthrough analysis, it was determined FL.Cys was an
effective chelator for C4. Through competitive binding studies using
ethylenediaminetetraacetic acid (EDTA) and ethydgmmine dihydrochloride (en) as
competing ligands, conditional stability constamtsre calculated at 1®for the very
strong binding sites, £6- 13 for the strong binding sites and®1f@r the intermediate
sites. Although there is very strong binding, thetal can be quantitatively recovered

using 0.1M HNQ, making the column fully regenerable and reuséfigure 2.2.).

M2+
C
M2+

M2
M2+
M2+ \
|

Figure 2.2. Schematic representation of an imtizalol peptide under binding ready
(A), metal binding (B), and metal release (C) ctiods. M represents a
divalent metal species.

A study of Cd* capacity at various pH'’s revealed that the affimif PLCys for

Cd** had a significant dependence on pH. There wagslitBe binding in acidic pHs and

binding increased as pH increased. They postuldigidat elevated pHs the PLCys is

more hydrophilic due to the sulfhydryl groups beidgprotonated. As a result, the

peptide chain would be unfolded due to an increalgdration from ion-dipole
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interactions and the side chains may be more abteda an unfolded peptide, thus
leading to an increase in metal capacity. Theyevadso able to determine that the metal
binding of PLCys may be mass transport limited sititey observed the €dcapacity
increase as the solution flow rate was decreadéarious concentrations of hard acid
metals in the influent stream (e.g., alkali andakiiie earth metals, Gband Nf*) had
very little effect on PLCys - Cd binding.

Later, a comparison of the metal binding capabsitof PLCys (n~50 residues)
and 8-hydroxyquinoline (8HQ), both immobilized or®PG, was conductéd. Once
again using breakthrough analysis in metal capatgtgrmination, PLCys showed more
selectivity against harder acid metals than 8HCQhII®VBHQ strongly complexes a broad
range of metals (Gd, C&*, CU/", Ni**, and PB"), PLCys isolated soft acid metals such
as Cd* and PB* and had very little affinity for C3 or Ni#*. Thus, they reasoned that
PLCys should be efficient in isolating many of theavy metals from complex matrices
containing hard acid metals. The conditional ditgbconstants, again determined
through competitive binding studies with EDTA and, egreed with the previously
reported values reported by Jurbergs and Holcdthbe.

In the process of studying various supports, Miled Holcombe evaluated Cys
immobilized on porous carbon, a more inexpensivppsrt?® Both PLCys (n~50
residues) and the Cys monomer were tethered toofack-X, a commercially
available porous carbon, by derivitizing the carlvath carboxylate functionalities by
acid activation and linking the PLCys or Cys thrbuthe use of 1-ethyl-3-[3-
(dimethylamino)propyl]carbodiimide (EDC). Breakthugh analysis and competitive
binding studies demonstrated that porous carbam isffective support for immobilized
ligands. In fact, the capacities for all metaltee were consistently higher on the porous

carbon than on CPG. It is suggested that this bmaydue to the immobilization
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efficiency. The immobilization procedure is mudmgler for porous carbon than for
CPG, possibility resulting in greater coverage bE tpolymer onto the support.
Conditional stability constants were in good agreenwith previous work done on CPG.
Wildgoose et al. attached PLCys to graphite poviolemetal remediatio” The peptide
was attached through “building block” chemistry wi4-nitrophenyl moieties and was
characterized using electrochemical and X-ray pdlettron spectroscopic (XPS)
techniques. Increased metal capacities over coioversolid state supports were
attributed to higher surface coverages on the gi@aghpport.

Johnson and Holcombe not only attached PLCys telectrode composed of
glassy carbon, but also used the electrode potéatémntrol metal binding and relea®e.
An applied potential was used to oxidize and redheedisulfide bonds on the peptide.
Reduction to thiols prepared the peptide for mbtating. Oxidation of the available
thiol moieties to disulfide bonds after metal bimgliresulted in a zipper effect disrupting
the binding cavity and gradually reduced the chatyading sites.

Gutierrez et al. used the same approach as Juraedgsiolcombé® by attaching
poly-L-aspartic acid (PLAsp) (n~50 residues) to CR& test its metal binding
capabilities™® The binding affinity of PLAsp is Gii> La®" = Ce* = EU** > P > Cf*
> Ni%* > Co™* > Mn?* > C&* > N&*, which is somewhat complimentary to PLCys and
consistent with carboxylate functionality complexin A further study comparing the
metal binding characteristics of PLAsp and poly{utgmic acid (PLGlu) on CPG was
done by Malachowski and Holcomffe. In this study, it was determined that metal
binding capacities and conditional stability conssaof these two peptides were the
same. The presence of an additional methylenepgn@as shown not to alter the metal

binding properties of these materials.
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In an attempt to find a cheaper alternative to Ri,Alliller et al. compared
immobilized PLAsp to immobilized poly-acrylic ac{®AA), a synthetic polymef® The
results for PLAsp-CPG are similar to those repodgbdve. Additionally, metal binding
was measured as a function of pH and capacity adgeneased with a decrease in pH
due to protonation of the carboxylates and possibl&ormational changes at low pH
(ca. <pH=4) for PLAsp-CPG. Stability studies shinat PLAsp-CPG exhibited minimal
loss of capacity upon exposure to 0.05M ammoniumtade buffer, 5% bD,, and
elevated temperature (8D).

Miller and Holcombe also studied gold as a supportPLAsp>* Gold was
chosen because it acts as an inert surface, amtilygas an anchor for the polymer and
remaining unreactive toward the metals in solutidrhe gold used initially was in the
form of gold transmission electron microscopy (TEWNds that were stacked in a
microcolumn with thin PTFE spacers between eact tgripromote mixing and flow.
The immobilization of the polymer was conductedlioe-with an FI system, using a
modification of a procedure described by LegdetiThe metal binding trend remained
the same as for PLAsp on CPG but the capacities warsiderable higher for the PLAsp
on gold for all of the metals studied; %Al Ce*, Cu/*, EU**, F€*, and L&". This is
possibly due to a more efficient immobilization pedure. The same authors also
attempted to employ gold coated CPG substratesinfonobilization prepared by
electroless coating techniques, but the result® wet encouraging due to patchy gold

coverage and possible pore blockage by the deplagitel *°

2.4. MEMBRANE |IMMOBILIZED POLY-AMINO ACIDS

In addition to silica, gold and carbon, poly-amirazids have also been

immobilized onto membranes. Membrane technologiery well developed in the area
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of separations and remediation (eY:>%. Often used in the passive separation of
contaminants from solution, popular membrane teldyies include reverse osmosis,
nanofiltration and ultrafiltration. In heavy metabrption the membrane is often
functionalized with a metal chelating group such iasnodiacetate, amidoxime,
phosphoric acid or sulfonic/carboxylic groups toiligate metal remova®*’ Thus, the
membrane serves as a support for the metal bindaigrial and with the attachment of
these groups the membrane can be tuned to exgbeddis solutes.

Recently, researchers have investigated the atewhaof amino acids and poly-
amino acids to membrane surfaces for metal extracpurposes. For example,
Bhattacharyya and coworkers attached poly-L-glutagRLGlu) (n~93 residues) acid to
several different microfiltration membranes (boilica and cellulose-based) to study the
heavy metal sorption characteristtfs. The polymer was attached to the membranes
through an aldehyde functional group on the surtddbe membrane. It was shown that
the PLGIlu functionalized membrane is capable oflinig heavy metals with the affinity
following the order of P = CU/* > Ni** = Cd*. The membrane also exhibited
preferential binding of PB and Nf* over C&". The binding characteristics were
dependant upon the type of membrane used, theae§feLGlu functionalization, pH,
and metals present.

Poly-D-aspartic acid (PDAsp) and poly-L-aspartieda@LAsp) have also been
successfully immobilized onto both cellulose andicai based microfiltration
membrane&® These functionalized membranes show capacitie€di, Cf*, and PB*
that are consistently higher than conventional egnhange and chelation resins, in the
range of mmol of metal/g of sorbant. Not unexpaigtelittle difference was seen in the
performance in PDAsp and PLAsp. Ritchie and coewmloutlined the three primary

mechanisms for metal sorption to include ion exgeanchelation, and electrostatic
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interactions’® Due to the polymeric nature of these ligandschttd to a membrane,
electrostatic interactions take the form of countercondensation. Condensation zone
binding is an important factor in the increase inding capacity of functionalized
membranes over conventional ion exchange systerastalithe high charge density
within the membrane pores.

In similar studies, Hestekin et al. show the dgfases that result from PLGIlu and
PLAsp bound to either pure cellulose or celluloseetate based membranés.
Counterion condensation was more closely evaluateda continuous flow system was
employed with the membrane system. Results inglitzt pure cellulose membranes
with a higher surface area provide more aldehydkatie groups for greater polymer
attachment and that counterion condensation isrgortant mechanism for metal ion
sorption in membrane systems.

Denizli et al. synthesized a poly (2-hydroxyethyiheerylate-co-
methacrylamindophenylalanine) membrane for copplso@tion’>> The membranes
were prepared through UV-initiated photopolymei@at  of 2-
methacrylamidophenylalanine (MAPA) and 2-hydroxyétiethacrylate (HEMA) with
azobisisobutyronitrile present as an initiator.aGitterization of this membrane revealed
the order of metal affinity to be B> Ni** > CU#*, with metal adsorption increasing with
increased pH, leveling off at pH 5.0. The capasitf these membranes were reported as
mmol of metal/m of membrane. The membranes can be regeneratedDwiil HNG;
and reused without significant loss of capacity.

Researchers have also attached Phe to a polyethylembrane, in the form of a
hollow fiber, through radiation-induced graft polgrization®®> The attachment of the
polymer was conducted using two different reacchemes in an effort to determine

which method would produce the highest densityuotfional groups. The first method
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involved grafting glycidyl methacrylate (GMA) todlfiber and then coupling the Phe to
the GMA. The second method involved attaching Rthe to the GMA first and then
grafting the Phe-GMA to the fiber. Although thédr was not fully characterized for
metal binding capacity, the &ubinding along the cross section was monitored and
uniform distribution of C& through the fiber was found. This demonstrated a
homogeneous distribution of Phe through the fidewas also concluded that the second
reaction scheme (grafting the Phe-GMA complex tofther) occurred at a rate 180-fold
less than grafting the GMA alone. The prelimineggults from this study indicate that

with further investigation, this technology maydggplicable to heavy metal remediation.

2.5. IMMOBILIZED PEPTIDES

Peptides and short chains of amino acids havelsso immobilized for metal
extraction. Terashima et al. immobilized a fusimmotein synthesized from maltose
binding protein (pmal) and human metallothioneinT{Mnto Chitopear! resirf: This
resin was evaluated for its €dand G&" binding capabilities. Interestingly, the optimal
pH for C&* binding was determined to be 5.2 while for’Gia was 6.5. Based on the
hard and soft acid-base theory and the analysithefadsorption isotherms of these
metals, the results indicate that the cysteinedues of the MT moiety of the
immobilized protein are responsible forCtinding. Other negatively charged residues
such as Asp, Glu, lysine (Lys), serine (Ser), thre® (Thr), glutamine (GIn), and
asparagines (Asn) bind &a As a result of this strong metal binding depemgeon pH,
this system can distinguish between these two metal

Another class of metal binding proteins, syntheitftytochelatins, has shown
improved Cd" binding over metallothioneims. Xu, et al used a novel approach by

attaching a cellulose-binding domain (CBD) to atkgtic phytochelatin (EC20). The
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CBD attached itself to a cellulose support thus ohilizing the phytochelatii® Upon
addition of Cd* the CBD-EC20 membrane bound the metal at a rdtie1® Cd"/
immobilized CBD-EC20 while the membrane with oriye tCBD attached did not bind
any Cd*. Upon addition of EDTA, Cd was removed and the membrane capacity was
restored.

The binding domains of cysteine-containing transgooteins known asnerT
andmerP have also been studied by Huang éf alhese peptides were synthesized and
immobilized onto chemically modified diatomaceoastle (Celite 545). In these studies,
the metal binding capacity of €y Ccf*, and PB* to these materials was determined and
it was suggested that MerP bound an increased ambumetal due to adjoining cysteine
groups positioned in the peptide.

Another interesting study was that conducted bye8agaleh, and Hasan where
they extracted metal binding amino acids from suspthicken featherS. The chicken
feathers were treated with alkali solutions of ON®NaOH and 0.6 N NaOCI to extract
the amino acids from the bulk feather material. e Tdmino acid composition was
determined and the amino acids were immobilized silica. These materials were used

to remove C&, Mg®*, F&*, and Mt from industrial wastewater.

2.6. IMMOBILIZED AMINO ACID FOR USE IN | ON-EXCHANGE CHROMATOGRAPHY

In contrast to remediation applications where idésirable to have extremely
strong binding, other applications have interesnwderate binding so that the substrate
can be used in chromatographic separations viatipamg. Single amino acids
immobilized onto silica surfaces have been use@nsitely for ligand-exchangé?
metal chelatiof? and affinity chromatograpf{ The use of these materials for ion-

exchange chromatography has not been as widelpmdl Amino acids by nature are
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zwitterions meaning they posses both positively amehatively charged sites.
Zwitterion-exchangers are of particular interest reeswv stationary phases for high
performance liquid chromatography (HPLC) as theyymsaparate both anionic and
cationic species in a single solution. These na#erlso show increases in mass
transport and ion selectivity. Attachment of amemxids to silica is a simple way to
achieve a variety of zwitterionic stationary medési

In the last decade, research in this area has déemnced by Nestererffovho
initially explored L-hydroxyproline (Hypro) bondeilica as an anion-exchange material.
The amino acid was attached to silica particlesugh the secondary amine via 3-
glycidoxypropyltriethoxysilane. Separation of nim@ons (SCN CIO,, I, NOs', Br, CI
, 103, HPO,, and NQ) was observed at pH 3.13 with citric acid as theermt.
Significant changes in retention times were obskrigr different eluents and small
adjustments in pH.

Nesterenko expanded his investigations using Laargi(Arg), L-valine (Val), L-
tryrosine (Tyr), L-proline (Pro), and Hypfd®®> Amino acids were again attached to the
silica through the N-terminus and the ligands dmade properties were used to tune ion
interactions. Cation and anion-exchange propediesach amino acid were determined
in addition to varying effects of carboxylic aciduent concentration and pH.
Immobilized Pro and Hypro successfully separat@dv@rious anions in a single solution
under acidic conditions. Immobilized Val and Tyem characterized as pure cation
exchangers as the secondary amine interactionsswitface silanol groups make anion-
ligand interactions negligible. Surprisingly, Argas also characterized as a cation
exchanger with poor separation of anions. The anfimctionalities of Arg are also
hindered as a result of interactions with surfaiti@nsl groups. Interactions between

surface silanol groups and charged sites of th@e@magid in these systems tend to dictate
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ion selectivity. It was postulated that the bagiaf the amino groups enhances charge
localization due to a change in the multilayer cinee at the silica surface and ultimately
establish the exchange properties of the attachedoaacid. Asp and Glu, amino acids
possessing additional carboxylate functionalitiesre also studietf Various solutes
such as alkali and alkaline earth metal cationsewesed in the study along with six
benzene derivatives for sorbent evaluation. Asp @fu were shown to be efficient
cation exchangers.

Investigations of bound amino acid-metal cationeractions (i.e., complex
forming or ion-exchange) were done using &lu.Glu was chosen because of the
relatively stable complexes it forms with metalicas and was evaluated using alkali,
alkaline earth and transition metals. Conditionshsas pH, ionic strength, organic
solvent, and temperature were varied. An incré@aske non-polar and also the proton
accepting character of organic solvents showed @datkcreases in capacities and
changes in the metal binding character. Also,dh thigh ionic strength and pH, the
chelate effect was shown to prevail over ion-exgleamechanisms.

In recent studies, Kiseleva et al. examine thetewinic-exchange properties of
commercially available silica bound poly-aspartimda(PAsp)®® PAsp is attached to
surface amine groups through the carboxylate fanatities and thus aligns parallel to
the silica surface. The stationary phase contadéusgral amide groups along with residual
aminopropyl and unreacted carboxylate groups. pbl-amino acid was able to
simultaneously separate anions and alkali and iakkadarth metal cations showing the
utility of using zwitterionic-exchange column footh cation and anion separations. The
optimal pH range for PAsp bound silica is 3.0-3u& dlo the zwitterionic character of the

various surface groups.
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Additionally, Liu and Sun have shown that Cys imiligbd onto a
polyacrylonitrile-divinylbenzene resin has a siggaft affinity for Ag’, Ho?*, Au®*, P+
with capacities in the range of 0.39 — 1.22 mmahetal/g of resift® It was also shown
that the immobilized Cys resin is capable of sejpagdhese metals chromatographically.
In a mixed solution Pt, H#*, and Ad were eluted sequentially and Euwvas retained
by the column and eluted off with 0.1% thioure®ih M hydrochloric acid.

These researchers also conducted a comparisore ahility of three chelating
ion-exchange resins to separate®Mand W*."° The three functionalities immobilized
onto the polyacrylonitrile-divinylbenzene resinsravghioglycollic acid linked by 1,6-
hexanediol, thioglycollic acid linked by ethylendygpl, and Cys linked by 1,6-
hexanediol. ~After the initial run of M& and W*, which was unsuccessful in the

separation, the Cys resin was not investigatethdéurt

2.7. IMMOBILIZED AMINO ACID/PEPTIDE FOR CD** REMOVAL FROM HUMAN
PLASMA

Removal of heavy metals from water is certainlyigniicant environmental
problem. If water supplies were contaminant fleegvy metal poisoning would not be a
concern. Unfortunately, this is not the case drete is currently no specific affinity
adsorbent treatment for €dpoisoning’’ Bektas and co workers immobilized cysteine
onto poly(2-hydroxyehylmethacrylate) (PHEMA) micpberes. The PHEMA
microspheres were synthesized from a suspensioHEMA and EGDMA’? They
demonstrated that these microspheres were capétiiinding 0.065 mmol Cd/g of
support from human plasma. Additionally, they ta@reused without significant loss of

capacity.
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In another attempt to develop a method for remo¥a@@d?* from human plasma
Denizli et al. immobilized cysteinylhexapeptide EEWP) to poly(2-hydroxyethyl
methacrylate) bead$. The sequence of the hexapeptide was Lys-Cys-Jhr@ys-Ala
(alanine) and it was immobilized to the beads thloa monochlorotriazinyl dye ligand,
Cibacron Blue F3GA. The maximum €dound from human plasma onto these beads
in a packed-bed column-based system was determimdze 11.8 mg of Cd/ig of

support.

2.8. RELATED STUDIES

Several researchers have focused on more in depties pertaining to the metal
binding capabilities of these systems. These delthe effects of oxidation on Cys
chelation and preconcentrati6hthe effects of temperature on Lys and Glu retentib
cations’* and the effects of heats of adsorption on PLAsrdinding®. Additionally,

a study was conducted in which atomic force miaspycwas used to examine
conformational changes in immobilized PLCys in was environment$ By measuring
the height of immobilized PLCys from the surfaceaaflass slide, it was confirmed that
in neutral solutions the polymer chain was gengraltiented perpendicular to the
surface. With the addition of a metal, the heigbtreased ca. 15 nm. The addition of
acid decreased the height another 10-15 nm, thpigosting the idea that a significant
tertiary structure change had occurred. At low phis PLCys likely exists as a tight

random coil on the surface. Raising the pH retdithe structure to its original form.
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2.9. CONCLUSIONS

Research involving the use of immobilized aminalacpeptides and proteins for
metal remediation and similar purposes has shoeatgromise. Amino acids are ideal
building blocks for metal chelation systems. Tlmpvide a wide range of binding
functionalities and are attached to one anothesutiit simple amide linkages. These
novel binders are easily attached to silica, carigoid and polymeric particles; silica and
cellulose based membranes; and incorporated inyongoized resins. The amino acid of
interest can be immobilized through either the aauncarboxylate terminus or modified
to provide other possible linkage chemistries. di&ts show that immobilized amino
acids, peptides, and proteins are all capable ¢tdlnsapacities in the pmole — mmole /g
of resin range. Much research involving the usarafno acids as zwitterion-exchange
materials has also proved fruitful. In additionetal selectivity and specificity can be
achieved by altering the amino acid functionaliteesd/or immobilization procedures
used. There are still many directions continuiegearch in this area could head,

including the use of peptide libraries and incrdasetal-template studies.

23



2.10. LUTERATURE CITED

1. Forstner, U.; Wittmann, G. T. Wiletal Pollution in the Aquatic Environment

Springer-Verlag: New York, 1981.

2. Vernet, J. Pmpact of Heavy Metals on the Environmetisevier: New York,
1992.
3. Ireland, M. PBiological Monitoring of Heavy Metal®iley: New York, 1991.

4, Friber, L.; Nordberg, G. F.; Vouk, B., Ed$andbook on the Toxicology of
Metals Elsevier: Amsterdam, 1979.

5. Chen, L. H.; Chung, C. $horganic Chemistry1988 27, 1880-1883.

6. Franklin, S. J.; Raymond, K. korganic Chemistry1994 33, 5794-5804.

7. Hou, Z.; Raymond, K. N.; O'Sullivan, B.; Esk&r,W.; Nishio, T.Inorganic
Chemistryl998 37, 6630-6637.

8. Hou, Z.; Sunderland, C. J.; Nishio, T.; RaymafdN. Journal of the American
Chemical Societ§996 118 5148-5149.

9. Harrison, P. MMetalloproteins Verlag Chemie: Weinheim, 1985.

10. Suzuki, K. T.; Imura, N.; Kimura, Adetallothionein lii: Biological Roles and
Medical Implication Birkhauser Verlag: Boston, 1993.

11. Stillman, M. J.; Shaw, C. F.; Suzuki, K. T. sEletallothioneins, Synthesis,
Structure and Properties of Metallothioneins, Ployelatins, and Metal-Thiolate
ComplexesVCH: New York, 1992.

12. Sigel, H.; Sigel, AMetal lons in Biological Systemilarcel Dekker: New York,
1989.

13.  Anderson, B. R. Dissertation, Univ. of Texagsfin, 1994.

14. Elmahadi, H. A. M.; Greenway, G. Nburnal of Analytical Atomic Spectrometry
1993 8, 1009-1014.

24



15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

Denizli, A.; Garipcan, B.; Karabakan, A.; SRy, Emir, S.; Patir, SSeparation
and Purification Technolog003 30, 3-10.

Denizli, A.; Garipcan, B.; Emir, S.; Patir, Say, RAdsorption Science &
Technology2002 20, 607-617.

Disbudak, A.; Bektas, S.; Patir, S.; Genc,[&nizli, A. Separation and
Purification Technologyp002 26, 273-281.

George, B.; Pillai, V. N. R.; Mathew, Bournal of Macromolecular Science,
Pure and Applied Chemistd®998 A35 495-510.

Vinodkumar, G. S.; Mathew, Bhemistry- A European Journd998 34, 1185-
1190.

George, B.; Mathew, B. Macromol. Sci., Pure Appl. Che001, A38 429-
449,

George, B.; Pillai, V. N. R.; Mathew, Bournal of Applied Polymer Science
1999 74, 3432-3444.

Say, R.; Garipcan, B.; Emir, S.; Patir, S.; RinA. Macromolecular Materials
and Engineerin@002 287, 539-545.

Say, R.; Birlik, E.; Ersoz, A.; Yilmaz, F.; Gkbey, T.; Denizli, A.Analytica
Chimica Acta2003 480, 251-258.

Sugii, A.; Ogawa, N.; linuma, Y.; Yamamura, Falantal981 28, 551-556.
Masoom, M.; Townshend, Analytica Chimica Actd984 166, 111-118.
Jurbergs, H. A.; Holcombe, J. Analytical Chemistry1997, 69, 1893-1898.
Howard, M.; Jurbergs, H. A.; Holcombe, JJaAurnal of Analytical Atomic
Spectrometry1999 14, 1209-1214.

Miller, T. C.; Holcombe, J. AAnalytica Chimica Act2002 455, 233-244.

25



29.

30.

31.

32.

33.

34.

35.

36.
37.

38.

39.

40.

41.

42.

Wildgoose, G. G.; Leventis, H. C.; Davies,.].Ckossley, A.; Lawrence, N. S.;
Jiang, L.; Jones, T. G. J.; Compton, RJGurnal of Materials Chemistrg005
15, 2375-2382.

Johnson, A. M.; Holcombe, J. Analytical Chemistr005 77, 30-35.
Gutierrez, E.; Miller, T. C.; Gonzalez-RedondoR.; Holcombe, J. A.
Environmental Science and Technold§®9 33, 1664-1670.

Malachowski, L.; Holcombe, J. Analytica Chimica Act2004 517, 187-193.
Miller, T. C.; Holcombe, J. Alournal of hazardous materia)01, 83, 219-236.
Miller, T. C.; Holcombe, J. AAnalytical Chemistry1999 71, 2667-2671.
Leggett, G. J.; Roberts, C. J.; Williams, P; Davies, M. C.; Jackson, D. E.;
Tendler, S. J. BLangmuir1993 9, 2356-2362.

Miller, T. C.; Holcombe, J. AAnalytica Chimica Act&2002 454, 37-44.
Bhattacharyya, D.; Mangum, W. C.; Williams, M Reverse Osmosidth ed.;
Wiley: New York, 1997.

Ho, W. S. W,; Sirkar, K. K., EdMembrane HandboglChapman and Hall: New
York, 1992.

Noble, R. D.; Stern, S. A., Eddembrane Separations Technology: Principles
and ApplicationsElsevier: New York, 1995.

Konishi, S.; Saito, K.; Furusaki, S.; Sugolndustrial & Engineering Chemistry
Researct992 31, 2722-2727.

Konishi, S.; Saito, K.; Furusaki, S.; SugoJdurnal of Membrane Sciend©96
1171, 1-6.

Li, G.-Q.; Konishi, S.; Saito, K.; Sugo, Journal of Membrane Scien@894 95,
63-69.

26



43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Tsuneda, S.; Saito, K.; Furusaki, S.; SugoQkamoto, JJournal of Membrane
Sciencel99], 58, 221-234.

Iwata, H.; Saito, K.; Furusaki, S.; Sugo, Tka@oto, JBiotechnology Progress
1991, 7, 412-418.

Sugiyama, S.; Tsuneda, S.; Saito, K.; FurusakiSugo, T.; Makuuchi, K.
Reactive Polymer$993 21, 187-191.

Yamagishi, H.; Saito, K.; Furusaki, S.; Sugg,I3higaki, I.Industrial &
Engineering Chemistry Researtf91, 30, 2234-2237.

Saito, K.; Ito, M.; Yamagishi, H.; Furusaki; Sugo, T.; Okamoto, Jndustrial
& Engineering Chemistry ReseartB89 28, 1808-1812.

Bhattacharyya, D.; Hestekin, J. A.; BrushaBerCullen, L.; Bachas, L. G.;
Sikdar, S. KJournal of Membrane Scien@®9§ 141, 121-135.

Ritchie, S. M. C.; Bachas, L. G.; Olin, T.; &k, S. K.; Bhattacharyya, D.
Langmuir1999 15, 6346-6357.

Hestekin, J. A.; Bachas, L. G.; Bhattacharyidndustrial & Engineering
Chemistry Researc2001, 40, 2668-2678.

Denizli, A.; Say, R.; Patir, S.; Arica, Reactive & Functional Polyme)0Q
46, 157-164.

Denizli, A.; Say, R.; Patir, S.; Arica, $eparation Science and Technol@§p1,
36, 2213-2231.

Kiyohara, S.; Sasaki, M.; Saito, K.; Sugita, 8Bugo, T Reactive & Functional
Polymers1996 31, 103-110.

Terashima, M.; Oka, N.; Seli, T.; Yoshida Bibtechnology Progresz002 18,
1318-1323.

27



55.

56.

S7.

58.

59.

60.

61.

62.

63.
64.

65.

66.

67.

68.

Bae, W.; Chen, W.; Mulchandani, A.; Mehra, RBfotechnology and
bioengineerin200Q 70, 518-524.

Xu, Z.; Bae, W.; Mulchandani, A.; Mehra, R. Khen, W Biomacromolecules
2002 3, 462-465.

Huang, C.-C.; Su, C.-C.; Hsieh, J.-L.; TsengPC Lin, P.-J.; Chang, J.-S.
Enzyme and Microbial Technolog@903 33, 379-385.

Sayed, S. A.; Saleh, S. M.; Hasan, BMEnsoura Science Bulletin, A: Chemistry

2005 32, 1-19.

Gubitz, G.; Jellenz, W.; Santi, \dburnal of Chromatograph$981, 203, 377.
Bacold, M. D.; Rassi, X. HBournal of Chromatograph%99Q 512, 237.

Gaida, A. V.; Monastyrskii, V. A.; Magerovsk¥, V.; Staroverov, S. M.;
Lisichkin, G. V.Journal of Chromatograph$988 424, 385-391.

Nesterenko, P. Nournal of High Resolution Chromatograph991, 14, 767-
768.

Nesterenko, P. Nlournal of Chromatograph$992 605 199-204.
Nesterenko, P. N.; Kopylov, R. V.; TarasenkoAD Shpigun, O. A.; Zolotov, Y.
A. Doklady Akademii Nauk992 326, 838-841.

Nesterenko, P. N.; Shpigun, O. A.; ZolotovAY Doklady Akademii Nauk992
324, 107-110.

Nesterenko, P. N.; Elefterov, A. I.; TaraserBoA.; Shpigun, O. AJournal of
Chromatography, A995 706, 59-68.

Elefterov, A. |.; Kolpachnikova, M. G.; Nestek®, P. N.; Shpigun, O. A.
Journal of Chromatography 2997 769, 179-188.

Kiseleva, M. G.; Kebets, P. A.; NesterenkdNPAnalyst (Cambridge, United
Kingdom)2001, 126, 2119-2123.

28



69.

70.

71.

72.

73.

74.

75.

Liu, C. Y.; Sun, P. Analytica Chimica Actd981, 132, 187-193.

Liu, C. Y.; Sun, P. Jalanta1984 31, 353-356.

Denizli, A.; Yavuz, H.; Arpa, C.; Bektas, S, O.Separation Science and
Technology2003 38, 1869-1881.

Bektas, S.; Disbudak, A.; Denizli, A.; Genc,T@ace Elements and Electrolytes
2002 19, 26-32.

Howard, M.; Jurbergs, H. A.; Holcombe, JARalytical Chemistry1 998 70,
1604-1609.

Kolpachnikova, M. G.; Penner, N. A.; NestererfRoN.Journal of
Chromatography, A998 826, 15-23.

Kebets, P. A.; Kuz'mina, K. A.; NesterenkoNPZhurnal Fizicheskoi Khimii

2002 76, 1639-1642.

29



Chapter 3: Efforts in Templating for Transition Metals Using
Short-Chain Polymers and Peptides

3.1. INTRODUCTION

Constructing chemical formations that bind or hafénity towards specific
molecules (i.e., molecular recognition) has beedelyi explored in recent years, while
trace metal recognition research has receivedaliésstion. Creating templates for metal
ions allow for more selective preconcentration arttaction processes over current ion-
exchange methods. This is extremely valuable fmirenmental clean-up or industrial
recovery purposes.

Template formation relies heavily on choice andresichemistry of binding
functionalities. One class of compounds that destrate high selectivity based on
cavity size is the crown ethers. These structaresusually two dimensional with strong
binding, and often require harsh chemicals to resmthe metal from the preformed
cavity. A wider variety of molecular templates fmetal binding were synthesized by
Raymond and coworkers, where they constructed tiireensional cavities for various
metals’ Previous attempts to synthesize selective resiad® used bi or tri-dente
chelators to bind the metal and then used emufsatymerization to create the polymer
bead around the metal-complex, effectively temptafor a metal species of interést.
Although this method does result in selective mefabke in some cases, metal removal
is, again, difficult due to the strong, rigid comypés immobilized into the polymer beads.

A class of short-chain peptides, biohomopolyniemgve been shown to have
strong binding, yet easy release due to the peptidaging its tertiary structure during
these processes. Forming templates could occuspayingly cross-linking these

polymers while the metal is complexed. Ideallyteiinplated, the polymer would retain

30



the specific metal-binding conformation after relea@f the metal and the binding pH is
again imposed.

In this study, the use of poly(acrylic acid) andaadom copolymer (Glutamic
Acid (Glu):Lysine (Lys)) (6:4) covalently attachdd glass supports and packed into
micro-columns was used to perform specific funaioohemistry in order to induce
metal template formation. The objective is to timiur reaction cross-linking yields, so
that cavities are retained while maintaining flél¥ in the polymer to permit tertiary
structure change for on-demand metal release bggelsa These studies are the first

attempts at “on-line”, metal templating.

3.2. MATERIALS AND METHODS

3.2.1. Chemicals

All chemicals were reagent grade unless noted danhized distilled water was
used to prepare solutions. All glassware was sbakernight in 4 mol I HNO; prior to
use. The controlled pore glass (CPG) (Sigma, PA24) had a mean pore diameter of
22.6 nm (80-120 mesh). Stock solutions of 1000mig Cd** (Anderson Laboratories)
and Nf* (SCP Science) atomic absorption standards in 4%@HMere used to prepare
the loading solutions for the various metal bindegeriments. For Gb (J.T. Baker),
the loading solution was prepared from standardszddgtions of the reagent grade nitrate
salt in 1% (v/v) HNQ and 1% (v/v) HCI. A 0.2 mol t (N-[Hydroxyethyl]piperazine-
N'-[2-ethanesulfonic acid]) (HEPES) (Aldrich) buffeand a 0.2 mol T (2-(N-
Morpholino)ethanesulfonic acid) (MES) (Sigma) buffigas prepared and purified by
passing the buffer through a 100-200 mesh Chel@&x(B®-Rad) ion exchange column.

Poly(acrylic acid) (50 wt%) (Acros) and a randompalymer (Glutamic Acid
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(Glu):Lysine (Lys)) (6:4) (MW 20,000-50,000) werairphased from Aldrich. Other
reagents used included nitric acid, N-(3-Dimethytazpropyl)-N'-ethylcarbodiimide
(EDC), o-iodosobenzoic acid (Sigma); ninhydrin reatg potassium cyanide (Acros); N-
hydroxysuccinimide (NHS), (Fisher); ethylene diaen{zN), and diamino octane (ON),
Gluteraldehyde, piperidine (99%), and 3-aminopropthoxysilane (98%) (Aldrich).

3.2.2. Apparatus

A Varian FAAS (model AA-875) with an acetylene/dimame was used for all
metal determinations. Hollow cathode lamps wereraigd at the manufacturer
recommended current for Co, Ni, and Cd of 7, 316, &5 mA. Wavelengths for Co, Ni,
and Cd were 240.7, 232.0, and 228.8 nm, respegtiaatl were used in conjunction with
a monochromator bandpass of 0.2 nm for Co andrdi,0e5 nm for Cd.

Solution reached the FAAS using an eight-rollerigtaitic pump (Manostat
Carter 4/8 cassette pump); 0.76 mm i.d. PTFE tuaimyconnectors, and columns (3 mm
x 25 mm fitted with 100 um PTFE frits) (Omnifit)A Kel-F tee was placed after the
column and immediately in front of the nebulizer nanimize the noise level by
providing air compensation for the “solution statvaebulizer. Approximately 0.05 g of
dry resin was packed into the columns, filling apqmately 50% of the column. The
remaining dead space was loosely packed with ghasd which had no discernable

metal binding capacity for the metals used in shisly.

3.2.3. Synthesis and Cross-Linking Experiments

3.2.3.1. Cross-Linking PolyAcrylic Acid Using a Bifunctional Linker

Polyacrylic acid (PAA) was immobilized onto CPG ngia previous methad.
PAA-CPG, before and after cross-linking, was chirémed by comparing metal

capacities determined by breakthrough and stripyasisa A 10 pg ml__l solution of a
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particular metal (Ni", Cd*, or C&") in 0.02 mol * HEPES buffer (pH 7.0) was passed
through each column at 1 or 2 mL riiantil breakthrough was reached (i.e., when the
FAAS absorbance signal became constant and indi¢htd the effluent concentration
had reached the influent concentration). Afteraktierough, HEPES buffer was passed
through the columns at 1 mL mirfor ~1 min to remove metal-containing solution from
the column dead volume and line tubing. A sloviewfrate was used to inhibit removal
of metal bound to weak sites. A 0.1 mot HNO; solution was then passed through the
column at 2 mL mirt to strip the metal from the column. In some cases metal
extract was collected in an appropriate volumeftaesk for subsequent “strip analysis”
via FAAS.

The stability at high pHs of the covalent attachtneh PAA to CPG was
examined by monitoring the Eometal capacity before and after exposure to 30ahim
pH 7, 8, 9, and 10 0.02 mol'lHEPES buffer solution. A solution of 40 mmot EDC
and 60 mmol ! NHS in 0.02 mol [! HEPES buffer was used to demonstrate the
reversibility of the EDC/NHS reaction. The solutizas passed at 2 mL rithrough
the column for 30 min. Breakthrough curve andpsgémalysis using 10 pg mLCo”
were collected sequentially until no further chamgehe metal capacity was observed.
For cross-linking experiments, two diamines, ethgleiamine and diamino octane, were
used as bifunctional linkers and EDC/NHS was usedadtivate the carboxylate
functionalities. Cross-linking solutions were passhrough columns packed with CPG-

PAA and further characterized. Table 3.1. shows#action sequence and conditions.
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Table 3.1. Flow-through reaction sequence amdlitions for cross-linking PAA with
bifunctional linkers using EDC/NHS.

Cross-Linking Reaction (2 mL/min)

2 min 0.1 mol :HNO; Acid

2 min 0.02 mol HEPES buffer
(pH 7.0)

30 min | 40 mmol ! EDC
60 mmol L NHS
in MES pH 5.5

10 min | 125 mmol [ EN&ON (pH 8.0)

60 min | 10 pg m* Co* in HEPES

ramping pH from 8.0 to 10.0

3.2.3.2. Cross-Linking Copolymer (Glu, Lys)(6:4)

A random copolymer (Glu:Lys) (6:4) (MW 20,000-5000@vas attached to CPG
through the amine functionalities using a proceguexiously described for polyaspartic
acid attachment to CP%G. All metal capacity measurements were made using
breakthrough and strip analysis as described iptéeious section. The stability at high
pHs of the copolymer to CPG was also examined uail§ ug mI* Cc* solution in
0.02 HEPES buffer and breakthrough analysis. Teraene if metal was extracted from
CoPoly-CPG during cross-linking experiments, colsrtuwaded with C8 hard sites were
exposed neutral solutions of 60 mmot NHS and 20 mmol £ MES, 20 mmol [*
MES, 20 mmol ' HEPES buffer, and 4 mmol'Lof EDC in HEPES buffer at pH 6, 7,
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and 8. Both the 1- and 2-step cross-linking expental parameters are described in

Table 3.2.

Table 3.2. Flow-through reaction sequence and tiondifor cross-linking CoPoly-
CPG using EDC/NHS for both a 1- and 2-Step reaction

Cross-linking 1-Step Reaction Cross-linking 2-SRgaction
2 min | 0.1 mol [ HNO;3 Acid 2 min | 0.1 mol ! HNO; Acid
2 min | 0.02 mol [ HEPES buffer 2 min | 0.02 mol [ HEPES buffer
(pH 7.0) (pH 7.0)
3min | 10 ug m* Co** 15 min | 4 mmol L* EDC
HEPES (pH 7.0) 15 mmol L* NHS
MES (pH 4.5)
15 min | 40 mmol [* EDC 30 min | 20 ug mL* Co** HEPES
HEPES (pH 8.0) raise from pH 7.0 to pH 10.0
2min | Acid 2 min | Acid

3.3. RESULTS AND DISCUSSION

3.3.1. Cross-Linking PolyAcrylic Acid (PAA) Using Bfunctional Linkers

Aqueous cross-linking of PAA using EDC/NHS carbatgl activation and
diamines as bifunctional linkers, was used as ansiéa template for transition metals.
EDC is a carbodiimide that undergoes the reactimows in Figure 3.1 to produce
activated carboxylate groups that can form amidelbaipon attack by a lone pair from a

primary amine.
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LX) + o0 . .
N=C=N—R, carbodiimide

H+¢

H H o
R;—N—C=N—R,

¢ R—COO -

R1

H o0 .
Rl—N—(|:=N—R2 O-acylisourea
7

c=0 o}

| Hol

R — Rl_N_C_N_Rz
N-acylurea c=o0

R

*reactive intermediate

Figure 3.1. Activation of carboxylate functionadi using EDC.

Once formed, theO-acylisourea can undergo rearrangement to form the
undesirable N-acylurea side product if it is sheeldr is in a hydrophobic environment.

NHS is another activating molecule that can be dddeEDC and will displace th@-
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acylisourea keeping the carboxylate functionalggative for a longer periods of time
and also prevents the formation of the N-acylurea.

The conditions for metal binding, carboxylate ation, and amine bond
formation, all require a unique pH range. Figur2. dlustrates the pH requirements for
these reactions and also shows the pH range udbé studies discussed in this chapter
for both 1-step reactions where activation and stiwking occur after metal is bound,
and 2-step reactions where initially the carboxedatre activated and then the metal is

introduced while the pH is raised.

reactive EDC

......................................... metal precipitation
< > o) precipitatiy

metal release . .

< .............................. > reactlve amlne

I
pH 1 7 14

<€ >

1 — step reaction
<€ > <€ >

2 — step reaction

Figure 3.2. pH requirements for each process dumetal templating reactions. The
bottom arrows depict the ideal conditions for add 2-step reaction.
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Due to the high pHs necessary for efficient anbdad formation (i.e., reactive
amine groups), the stability of the siloxane botidg covalently attach PAA to CPG was
evaluated by exposing the column to solutions ofgasing pHs (pH 7-10) (Figure 3.3.).
The breakthrough capacity remained at approximat@yug Cé'/g of CPG and no
capacity was lost due to the exposure. This indgcthat no capacity loss during cross-
linking experiments should occur as a result of ifgh pH conditions imposed during

cross-linking experiments.

12 -

=
o
!

Effluent Concentration (ppm)
o
|

0 2 4 6 8 10 12 14

Influent Volume (mL)

Figure 3.3. Breakthrough curve analysis of PAkgd0 pg mr* Co** (HEPES buffer
pH 7) after 30 min treatments of pH 7, 8, 9, andHHPES buffer.
When cross-linking with EDC/NHS, available carbatgls are activated,
however, if amide bonds are not formed at thosesswater will, in most cases,
regenerate the carboxylate group. To determineeittent of EDC/NHS reversibility,

PAA was exposed to a solution of EDC/NHS and th& €apacity was monitored over
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Figure 3.4. Breakthrough curve analysis of PAA gsio pg mr* Co®* in HEPES

buffer at pH 7 before reaction (solid line), immegeily after adding

EDC/NHS (square dotted line), and thereafter (eiddtted lines).
time using breakthrough analysis. Figure 3.4. shthe capacity decrease after exposure
to the EDC/NHS solution due to modification of soonfehe carboxylate functionalities
with EDC. The NHS can replace EDC, prolonging oasthate activation eventually
returning to the carboxylate functionality if no ia& formation occurs. In contrast, EDC
may undergo rearrangement to form the N-acylureglwts irreversible, permanently
altering those carboxylate functionalities. Théwation of groups is a little more than
50%. This control will enable us to activate sorbei not all of the carboxylate
functionalities in hopes of lightly cross-linkinget material.

The results indicated that although 2X excess oEN#Hadded, there is still some

irreversible N-acylurea formation from the EDC clwg. This makes characterization
of these materials more difficult. A decrease ietah capacity may not purely indicate

the presence of cross-links between the peptidenby also include the formation of N-
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acylurea. Monitoring the relative metal bindingpasities of a few metals was used to
indicate if templating (i.e., cross-linking) occurs
With this in mind, PAA was templated for €o Results for the cross-linking of

PAA using a continuous flow reaction are shown abl€ 3.3.

Table 3.3. Metal capacities of PAA-CPG before aftelr @ross-linking experiments.

Initial Capacity after Capacity after

Metal Capacity Cross-linking #1 Cross-linking #2

(umole/g CPG) (umole/g CPG) (umole/g CPG)
co* 27+3 133 7+4
Ni* 25+2 12+3 10+3
Cd** 74 £5 28 + 4 16 +3

After the first Cross-linking reaction, all metahpacities decreased with the %d
capacity decreasing at a fast rate thah*@ad Nf*. The capacity decreased more than
that of just with EDC/NHS when no diamines were etldFigure 3.4). This indicated
that the diamines are attaching either at one et ends. A second attempt to cross-
link this column was made to increase the numberags-links and to fully link amines
that were only attached at one end. The capadui#iser decreased with no noticeable
enhancements for € however, the C3/Cd** capacity ratio did increase, but was still
less than one indicting a selectivity preferenae@d?*. The use of bifunctional linkers
made templating difficult since both ends of thekér needed to be attached at optimal
positions where the carboxylates were activatetle 0se of a zero degree cross-linker,
cross-links via functional groups on a particulaptde with no bifunctional linker, may
prove to be a better choice for templating via thethod.
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3.3.2. Cross-Linking Copolymer (Glu, Lys) (6:4)

A copolymer composed of Glu and Lys residues wasl uis an attempt to form
zero length cross-links between the peptide viadarinkages. In this way, no additional
cross-linker would need to be added. Only EDC/Ni&ld be added to activate the
carboxylates and the amine groups from the lysomethe peptide are available to react
at the activated sites. The stability of the cgp@r immobilization was also examined
by exposing a column packed with the polymer to BEPuffer at pH’s 7, 8, 9, and 10

(30 min each). The results are shown in Figure 3.5

e
o N
| |

Effluent Concentration (ppm)
(o))
1

0 1 T T T T T T T 1
0 1 2 3 4 5 6 7 8

Influent Volume (mL)

Figure 3.5. Breakthrough curve analysis of the boper using 10 pg mt Co?*
(HEPES buffer pH 7) after 30 min treatments of (@& L™ HEPES buffer
atpH 7,8, 9, and 10.

No drastic changes were observed in thé*@apacity after exposure to the different

solution pHs. There was a slight increase in cipdae to some material loss from the

column from unclogging procedures. As with the PA&Amobilization, the siloxane
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bonds are relatively stable for short exposurdsgit pH conditions. To our knowledge,
this is the first attempt to immobilized CoPoly onEPG. The Ni', Cd*, and C48"

capacities of CPG before (CPG-APS-Glu) and aftdPGEAPS-Glu-CoPoly) CoPoly
immobilization are shown in Table 3.4. This wasieldo verify that the CoPoly was

successfully attached to CPG.

Table 3.4. Metal binding capacities of ;oNi?*, and Cd" to CPG-APS-Glu and
CPG-APS-Glu-CoPoly. Metal capacities were deteeahiftom the strip
analysis and verified using the breakthrough amalys= 3).

Metal CPG-APS-Glu CPG-APS-Glu-CoPoly

(umole/g CPG) (umole/g CPG)

pH 7.0 pH 8.0 pH 7.0 pH 8.0
Co* 5+1 11 + <1 18+ 1 27+1
Ni* 2+<1 111 12 £+ <1 27+1
cd** 3+<1 11 + <1 23+1 45 + 1

The increase in capacity after the attachment #&dBpdoes indicate that some polymer
was immobilized. The metal binding sites also éase when the pH is increased from
pH 7.0 to 8.0. For metal templating purposess important to have free amine groups
that can still participate in cross-linking via th@mation of amide bonds. The number
of free amines present before and after CoPoly ibilzation was determined using the
Ninhydrin test’® An amine coverage of 3 + 2 umol NH of CPG on CPG-APS-Glu
and 16 + 1 umol Nklg of CPG on CPG-APS-Glu-CoPoly was calculatedis phovides
evidence of successful immobilization; in addittorthe presence of free amines that can
take part in cross-linking.

The 2-step reaction was used to achieve the bestioa conditions for both

activation and cross-linking. The activation smintwas optimized to activate half of the
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carboxylate groups as indicated by a 50% decremigei CG* capacity after activation.
The 2-step cross-linking reaction involved the\ation of the carboxylates at low pH,
loading of C8" to the remaining metal-binding sites, and thenimgishe pH for
optimally positioned amine groups to react. FigBu@& represent the results observed for
these experiments. The overall capacity change€ &t did not change. Since we are
activating 50% of the carboxylate functionalitiese would expect some capacity
decrease if any cross-linking did occur. EDC/NHSvated carboxylates may have a
shorter lifetime than our overall cross-linking eeéan when most of metal pockets are

formed.

10

Effluent Co?* Concentration (ppm)

0 2 4 6 8 10 12 14 16

Influent Volume (ml of 10 ppm Co*)

Figure 3.6. Breakthrough curve analysis of theobgper using 10 pg mt Co?*
(HEPES buffer pH 7) before and after 2-step crodsHg.
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In an attempt to cross-link the binding cavétffer the metal is introduced, a 1-
step reaction was used. A higher concentratiomabifvating solution was used as to
ensure the cross-linking of the available functlaggraups that were not participating in
binding and to increase amide bond formation. Mwirig the metal effluent during the
1-step cross-linking reaction using EDC/NHS in MB#fer showed that much of the
metal was stripped off during this process (notwsh)o yet no capacity changes were
observed. Before additional attempts were madmétal template, the cross-linking
agents were passed through a metal bound colundetéomine if metal is extracted by
EDC, NHS, or MES. Figure 3.7. shows dard sites being filled and then neutral
solutions of MES/NHS, MES, and HEPES passed thrdligltolumn. EDC was left out
of these reactions to ensure no cross-linking woglclir which also may force metal out
of the peptide binding cavities. When MES/NHS ocEMwas added after metal was
bound, much of the metal was extracted from thedBoBinding sites. For a 1-step
reaction where the reaction solution is passedutiitrahe column with metal bound, the

use of NHS and MES would be prohibitive to the fation of cavities around a metal.
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Loading Co?*hard sites onto column

»
»

ABS

T

A

MES/NHS pH 7.0

MES pH 7.0

HEPES pH 7.0

T T

0 5 10

15 20

Influent Volume (mL)

Figure 3.7. Cobalt absorbance from the column efftlduring metal binding of the
hard binding sites (0-10 min} and then introductoiémeutral solutions of
20 mmol L* MES/60 mmol [ NHS, 20 mmol [ MES, and 20 mmol £

HEPES buffer.
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The metal extracted when introducing only EDC wis® &xamined at pH 6, 7, and 8

(Figure 3.8.).

30
25~
20 A

15~

(ppm Co?)

10

Effluent Concentration

v

Influent Volume
(mL of 10 ppm Cc?*in
Hepes buffer at pH 7)

4.3 mMEDC in
HEPES buffer (2 ml min)

Figure 3.8. Effluent C8 concentration from Copoly-CPG column during méiatling
of hard sites and then the introduction of an ER@3s-linking solution.

The hard sites were initially loaded with {,oand then the EDC cross-linking solution
was added at pH 6.0, 7.0, and 8.0. In slightlg acindition, pH 6.0, most of the metal

was extracted likely due to some protonation ofdddoxylate side chains.
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For the actual one-step cross-linking reaction, EWG/ was used at a pH of 8

which should increase amine reactivity and limittaheextracted from the peptide.

Figure 3.9. shows the transient’Cof the metal effluent during metal binding and sros

linking. Initially, Co?* was bound to the CoPoly hard sites and then EDCaadsd to

cross-link free carboxylates with free amines. BI¥C solution did extract some of the

metal from the column. This amount was greaten that seen in Figure 3.7. due to a 10

fold increased in EDC concentration used, yet E#k than that seen with NHS (Figure

3.7.). The acid strip after the reactions indidateat metal was still bound to the column

during these reaction conditions.

EDC solution + elevated pH

< Load Co?*
§ 20 pH 7.0
:+

S
%2 15 -
©8 10-
Cv
3
= 5
w

0] T T T I — I
0 2 4 6 8 10

Influent Volume
(2 ml min-1)

Figure 3.9. Effluent C3 concentration from Copoly-CPG column during méiabing
of hard sites and then the introduction 40 mnidHEDC pH 8.0 cross-
linking reaction.

For these reactions, we did not see any indicatfooross-linking based on the

metal capacities that remained unchanged. Thesmmereaction was repeated at higher

pHs and also showed no evidence of cross-linkiiipe positioning and activation of
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both the carboxylates and amine groups may nopbmal for cross-linking and making
guasi-rigid structures in this way. Due to theyéasize of the CoPoly, the low surface

coverage may have also contributed to the diffycimtcross-linking these materials.

3.4. CONCLUSIONS

Cross-linking was explored to improve the metales@ity of PAA and a
copolymer composed of Glu and Lys through tempiatiReactions with PAA required a
bifunctional linker to cross-link the polymer atriaus locations after metal was bound.
Cross-linking in this manner resulted in a decraasihe metal capacity likely due to a
combination of carboxylates forming the N-acylustéde product, linking one end of a
diamine, or both ends of a diamine. Although mathhe capacity decreased from N-
acylurea formation with some possible cross-lirtke, formation of possible cross-links
did not increase the metal capacity for’CoSlight selectivity changes were observed,
but were likely the result of a decrease in carlabeyfunctionalities. Similar results
were observed for the copolymer, however, no indicaof amide linkages were
observed due to the column returning to its pressilmking state as noted by no changes
in the metal capacity. The difficulty with usingetse methods is the need for the metal to
remain bound to the peptide with minimal changetha preferential binding cavity
during cross-linking. Aqueous cross-linking, esakg with EDC, was a challenge due
to the pH condition requirements of the cross-liskand the groups cross-linked; in
addition to the need to avoid low pHs that woulkk@se the bound metal. Analysis of
multi-metal solutions may have proved a better ymisltool for determining the metal
selectivity. In addition, the use of a packedhlyglense peptide environment may prove

to be better templating material using similar zenass-linkers.
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Chapter 4: Metal Remediation and PreconcentratiorJsing
Immobilized Short-Chain Peptides Composed of Aspait Acid and
Cysteine

4.1. INTRODUCTION

Novel materials for metal preconcentration and mdiateon are of considerable
interest in areas of environmental and materialense. One growing area in metal
remediation and extraction involving the use of iofifized amino acids and peptides
has been recently reviewead was also covered in chapter 2. By determitfirgamino
acids responsible for metal interactions in metalding proteing® such as the
metallothioneing, a synthetic route to producing chelators with @nefd selectivity and
optimal capacity may be feasible. By constructingw ion-exchange materials
consisting of amino acid building blocks, uniqustsyns can be made due to the variety
of amino acids that can be used and sequentiagratd through amide linkages.

Previously, commercially available single aminodaciand biohomopolymers
consisting of a single type of amino acid weredtal to solid supports for use in metal
binding studies. These studies indicated that immobilized aminimisa@nd peptides
have high capacities and frequently exhibit sekdas in the metals that they bind.
These selectivities are based primarily on the girdeip functionality of the amino acid.
For example, Cysand poly-L-cysteine (PLCY%Y bind soft metal acids such as®ednd
PK* to a greater extent than hard metal acids sudti‘dsnd CS" while poly-L-aspartic
(PLAsp)y*? acid shows an increased affinity for’Nand C8*. Anionic species such as
the chromates and arsenates have also been showimdoto immobilized poly-L-
hystidine (PLHis), which contains a positively apedl imidazole side chain in acidic

solutions®!
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On-demand, metal release has also been an advaritagaobilized amino acids
and peptides allowing them to be easily reuseduallls introduction of an acid will
cause the metal to be displaced by protons andéiitate a tertiary structure change, as
in the case of biohomopolymers. Atomic force msoapy (AFM) was used to confirm
these various structural changes of PLCys when sgdo buffer, metal and acidic
solutions®® The binding character of redox active peptides a#so be controlled
electrochemically as shown recently by Johnson loitombe!® where oxidation and
reduction of PLCys immobilized on a carbon diskcelade was used to control metal
binding and release.

Although a number of studies have explored usinglinatorial peptide libraries
for use in catalysis by metal complex&4® immobilized peptides containing more than
one type of amino acid have rarely been exploredheir use in metal preconcentration
and remediation’’ A recent paper explored the metal binding charastics of two
similar homopolymers, poly-L-glutamate (PLGIu) 4Q0 residues) and PLAsp (50 — 80
residuesY’ In spite of the extra methylene in the side chuithe glutamates, there was
no noticeable difference in the binding charactessfor the metals tested. Short chain
peptides containing more than one residue type gnay greater control over selectivity
and binding capacity than the simpler systems eggdlthus far. Shibata and coworkers,
for example, in an attempt to mimic the bindingesélity and the catalytic activity of
isopenicillin N synthase (IPNS), synthesized a ideptlibrary (8-11 residues) on
TentaGel resin by altering a linking peptide (1e3idues) joining sequences of IPNS.
Changes in bead color when exposed to metal sohititdicated selective metal uptake
by some beads in the library from changing only tleSidues. Measurable changes in
metal binding selectivites by changing only one raomacid in a backbone modified

peptide were shown by Ye and coworkErs.
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In order to examine the metal binding propertiesmfll peptides consisting of
varying amino acids, fluorenylmethoxycarbonyl (Fieolid phase peptide synthesis
(SPPS}>* has been employed in the present study to creaternized peptides (2 and 7
residues) on TentaGel resin beads. Three amins §Gly, Asp, and Cys) were chosen
for the metal binding studies based on their stgrcfunctionalities:*?* Unlike typical
SPPS where the peptides of interest are createdthard cleaved off the resin, the
peptides were left attached to the resins. Thesesgere then packed into microcolumns
and the binding properties of Nj Cof*, C&* and Md* were characterized by analysis of
breakthrough curves, where flame atomic absorptspectrophotometry (FAAS)

detection was employed.

4.2. MATERIALS AND METHODS

4.2.1. Chemicals

All chemicals were reagent grade unless noted danhized distilled water was
used to prepare solutions. All glassware was sbakernight in 4 mol I HNO; prior to
use. Peptide synthesis reagents NovaSyn TG (Tehtagzin (170 mesh; 0.30 mmol/qg),
glycine (Fmoc-Gly-OH), aspartic acid (Fmoc-Asp(tityd ester (OtBu))-OH), cysteine
(Fmoc-Cys(trityl  (Trt))-OH), 2-(1H-Benzotriazoley}-1,1,3,3-tetramethyluronium
tetrafluoroborate(TBTU), and 1-Hydroxybenzotriazole (98%) (HOBt) weused as
received from Novabiochem. The controlled poresglgCPG) (Sigma, PG240-120) had
a mean pore diameter of 22.6 nm (80-120 mesh)ckStolutions of 1000 pg mLCdf*
(Anderson Laboratories) and Ni(SCP Science) atomic absorption standards in 4%
HNO; were used to prepare the loading solutions for vheous metal binding

experiments. For Gband Md* (J.T. Baker), the loading solutions were prepdreth
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standardized solutions of the reagent grade nisaliein 1% (v/v) HNQ and 1% (v/v)
HCI. A 0.2 mol ! (N-[Hydroxyethyl]piperazine-N'-[2-ethanesulfonicid]) (HEPES)
(Aldrich) buffer was prepared and purified by pagsihe buffer through a 100-200 mesh
Chelex 100 (Bio-Rad) ion exchange column. Thdieidl seawater was prepared using
sodium chloride, potassium bicarbonate, magnesiufffate (Fisher); and calcium
carbonate (Acros). Other reagents used included nitric acid o-iobesaoic
acid(Sigma); ninhydrin reagent, potassium cyanidle;1,4-dithiothreitol (99%) (DTT),
trifluoroacetic acid (99%), triethylsilane (99%),NNdimethylformamide (DMF) (Acros);
stannous chloride (Matheson, Coleman & Bell); ethidohol (Aaper Alcohol and
Chemical Co.); pyridine, methanol, dichlorometha(i@CM), N-methylmorpholine
(NMM) (Fisher); piperidine (99%), and 3-aminoprojpidthoxysilane (98%) (Aldrich).

4.2.2. Apparatus

A Varian FAAS (model AA-875) with an acetylene/dimame was used for all
metal determinations. Hollow cathode lamps wereraigd at the manufacturer
recommended current for Co, Ni, Cd, and Mg of B, 3.5, and 3.5 mA. Wavelengths
for Co, Ni, Cd and Mg were 240.7, 232.0, 228.8 a88.2 nm, respectively, and were
used in conjunction with a monochromator bandp&8s2onm for Co and Ni, and 0.5 nm
for Cd and Mg.

As shown in Figure 4.1, solution reached the FAAShg an eight-roller
peristaltic pump (Manostat Carter 4/8 cassette pu®6 mm i.d. PTFE tubing and
connectors, and columns (3 mm x 25 mm fitted wit® um PTFE frits) (Omnifit). A
Kel-F tee was placed after the column and immelyiate front of the nebulizer to
minimize the noise level by providing air compermatfor the “solution starved”
nebulizer. Approximately 0.02 g of dry resin waacked into the columns, filling

approximately 20% of the column. The remainingddspace was loosely packed with
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glass wool. The glass wool had no discernableIrbatding capacity for the metals used

in this study.

Solution

—=LD—

: Microcolumn Flame Atomic
SsssssssssssmmnmmEn |engC}:h =25mm AbSOI‘ption
; ; i.d.=3mm
Peristaltic 015 mL. Spectrophotometry
pump

Figure 4.1. Pictoral representation of the flowotilgh system used analysis of material
packed into microcolumns.

4.2.3. Peptide synthesis

All immobilized peptides consisting of seven amexds were synthesized by
Fmoc-solid phase peptide synthesis (SPPS) usingnenRFSymphony Quartetutomated
peptide synthesizer. The CPG used was activatadg usitric acid and 3-
aminopropyltriethoxysilarfé before attaching the peptide in a similar manrfeeptides
synthesized on TentaGel were double coupled (eathcaacid coupling reaction was
performed twice) while the peptide synthesized #&1GGwas triple coupled due to poor
reaction efficiencies. TentaGel is an ideal regiren using it for both peptide synthesis
and continuous flow studies because it swells mafiynn various solvents, yet has good
transport through its cross-linked interior.

All immobilized peptides consisting of two aminoids were synthesized
manually by the batch method. Coupling was donedsybining 10 mL of 0.1 mol t
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amino acid in DMF with 10 mL of 0.1 mol'LTBTU and 0.4 mol ! NMM in DMF and
then mixing with the resin. Once each amino addition was complete (ninhydrin
analysis), the Fmoc group was cleaved using 0.5 ItffoHOBt in a piperidine/DMF
(20/80) solution. At the end of the synthesis, phetecting groups on each amino acid
were cleaved using 0.5 mL of triethylsilane andl5of DI water in 20 mL TFA. The
resulting resin was rinsed with DMF, methanol ar@\MD then dried (3 h) using a speed
vac concentrator (Savant) connected to a cold (o) (-115C) that was held under

vacuum.

4.2.4. Peptide characterization

Peptide sequence verification and purity evaluati@s determined by Edman
degradation (ABI Procise 49X cLC protein sequengegonjunction with the ninhydrin
test. A quantitative ninhydrin té8¢° using a HP8453 UV-visible spectrophotometer
determined the number of amine functionalitiestn TentaGel surface that did not react
with the first amino acid coupling. A %C elemerdaklysis was conducted in duplicate

(MHW Laboratories; Phoenix, AZ) on CR{cp,c and CPG with silanization agents to

determine the peptide surface coverage.

4.2.5. Metal binding studies

4.2.5.1. Single and multi-metal binding studies

The previously described analysis system was atllin the metal binding studies
after a 15 min warm-up of pumps, tubing and lamBegfore binding experiments were
performed, the columns were conditioned by pasg@figmL of 0.1 mol [} HNO;
followed by 4 mL of 0.02 mol EHEPES buffer (pH 7.0). For resins containing Gy,
solutions were deaeratedth N, gas for 20 min, and 40 mL of 0.02 mot bf DTT was

passed through each column before introducing tifeeto This was done to ensure
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reduction of disulfide groups. Metal solutions eénen passed through the columns and
monitored by FAAS. For the single metal studie20g.1g le solution of a particular
metal (NF*, Cd*, C&* or Mg?) in 0.02 mol [* HEPES buffer (pH 7.0) was passed
through each column at 2 mL miin(or a linear velocity of 11 + 2 cm/s) until
breakthrough was reached (i.e., when the FAAS absae signal became constant and
indicated that the effluent concentration had redde influent concentration). For the
multi-metal studies, a 20 pg msolution of Nf*, Cd*, C&* and Md"*in 0.02 mol L**
HEPES buffer (pH 7.0) was passed through the cotuggmL mint) until breakthrough
was reached for all metals in solution, which regghiapproximately 30 min.

After breakthrough, HEPES buffer was passed thrdhgltolumns at 1 mL mih
for ~1 min to remove metal-containing solution fréine column dead volume and line
tubing. A slower flow rate was used to inhibit @ral of metal bound to weak sites. A
0.1 mol L'* HNO; solution was then passed through the column at 2nin! to strip the
metal from the column. The solution was colledtedn appropriate volumetric flask for
subsequent “strip analysis” via FAAS. Acidifiecgstiards, which were not retained by
the column, were passed through the system to rcmhst calibration curve. Capacity
values for the single metal studies were determiumgdg both breakthrough and strip
data, while only the strip values were used forrthati-metal studies.

Transient C&' strip profiles were also examine@olumns were loaded with 15
mL of a 0.25 pg mtl Co* solution, exposed to HEPES buffer for 1 min to oem
excess metal solution in the dead volume, and $tréped with 0.1 mol of nitric acid
into the FAAS. These experiments were carriedusinng a flow rate of 1 mL mihto
minimize the impact of mass transport and bettélect differences in equilibrium

governed rates of release.
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4.2.5.2. Equilibrium Studies

A multi-metal solution (500 mL of 20 ug niNi**, Cdf*, Co*, and Md@* in 0.02
mol L™ HEPES buffer) was passed continuously throughctilemn at 1 mL mis,
which required ca. 8h. By comparing capacitiesrattis extended period of time with
data from the breakthrough curve, which required 3ta min; it could be postulated
whether equilibrium was established in the Tenta@sh column during breakthrough.

Before running the multi-metal solutions, columnsrev treated in one of the
following ways: metal-free HEPES buffer pretreattereloading with 50 mL of 20 ug
mL1 Cof* solution (1mL mift); or preloading with 50 mL of 20 pg niNi** solution (1
mL min?). Preloading with Cd or Ni** before multi-metal introduction was done to
determine if the column reaches an equilibriumesiatspite of initially filling sites with
a particular metal. At the end of the experiméimé, metal bound to each column was

determined by strip analysis using FAAS.
4.2.5.3. Determination of Conditional Stability Constants

Regularized regression analysis was used to deterroonditional stability
constants. The QUASI progrdfnwas used to perform calculations on the binding
isotherms created from the single metal breaktirougves. The breakthrough curve
data were smoothed using Savitzky-Golay least sguamoothing routine with a 50
point window (Origin). While data was collected2ad Hz, yielding ca. 4000 data points
from start to breakthrough, that data was sampideixicel to give 150-200 points for use
in the QUASI program. A smoothness regularizingction was employed with a
regularization parameter of 0.01. The bordergHerspectral window of log K were set
automatically. The log K grid spacing was set.tb&hd an absolute weighting was used.
A constant and a linear isotherm were allowed tooant for strong and weak sites,

respectively, outside the spectral window. Sirargéd values of K can produce metal
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concentrations in the effluent that are below detsitity, the upper limit for log K were
determined from S/N considerations and detectiont I{3c) for the particular metals

studied using FAAS detection.

4.25.4. Oxidation Studies

A 1x10° mol L™ solution of o-iodosobenzoic acid in HEPES buffepld 7.0 and
a 1% hydrogen peroxide solution were used to deteritime effect of Cys oxidation on
Cd?* binding. For each of these studies?Ccblumn capacity was determined before
exposure to an oxidizer and after 10 min (at 2 mhb-¥hexposure to each oxidizing
solution. DTT was used to return the columnsheirtreduced state as previously

described.

4.2.5.5. Preconcentration and Recovery of Ni?* and Cd*" in artificial seawater

The first preconcentration experiments were donéhgling the columns for 5.0
min (1.0 mL minY) with an artificial seawater solution containin@?5 pg mrC* of Ccf*
and 0.30 pg mt of Ni?*. The seawater matrix contained 10,000 pgiria’, 1,250 pg
mL1 Mg®, 400 pg mt! K*, and 400 pg mi C&*° After loading, each metal was
stripped directly into the FAAS using 0.10 mof HNO; at 1.0 mL miff. Standard
solutions were prepared in 0.020 mé! &f HEPES buffer for both metals, loaded on the
column for 5.0 min (1 mL mif), and stripped directly into the FAAS using 0.1Id
HNO;. The standard solutions used were 0.05, 0.0%50ahpug mr* of Cd*and 0.20,
0.30 and 0.40 pg mtof Ni?*. The resulting transient signals from the sampled
standards were collected and peak areas were asslculate the analytical accuracy.
Enrichment factors were determined by dividing thealyte concentration before

preconcentrating by the analyte concentration aftexconcentration. The analyte
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concentration after preconcentration was calculataag the width of the transient signal
that contained 90% of the sample area to deterthm@reconcentrated volume.

Since reproducible but inefficient binding couldllgproduce a high degree of
analytical accuracy, a recovery study was conducléds involved passing the 50 mL of
seawater solution containing 0.05 pg MCd* and 100 mL of seawater solution
containing 0.05 pg mENi?* through the columns at an influent rate of 1.0 mibt and
pH of 7. The metals were stripped off the colurmie 5 mL volumetric flasks using
0.10 mol L* HNOs. By comparing the mass collected in the strithwiite mass passed
through the column, the binding efficiency (or reexy) could be assessed. Independent
experiments confirmed that any metal bound to tiieron could be removed using acid

with 100% efficiency.

4.2.5.6. Effortsin Metal Templating using Disulfide Bonds

For templating experiments, the columns were iihjtimaded with a particular
metal to half of the column capacity. This was @dm minimize loading of the weaker
binding sites and to leave most of the thiols add for cross-linking. Making a
template for C& was not attempted due to a high affinity of theahr the thiol cross-
linking sites. The mild oxidant o-iodosobenzoiddatl mmol L, pH 8.0 in HEPES
buffer) was introduced at 2 mL mirfor 10 min and used to oxidize the available thiol
groups to disulfide cross-links. The column wasntlexposed to 0.10 mol'tHNO; to
remove the metal and then rinsed with 0.02 mAIHEPES buffer. A mixed metal

+ 2+
2,NF

solution of 40 pg mtt Mg , and Cd" was used to characterize the peptides via

FAAS.
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4.3. RESULTS AND DISCUSSION

4.3.1. Peptide sequences examined

Six peptides each composed of seven residues (dyndolBowed by various
combinations of Cys and Asp residues to yield altot seven residues) were chosen to
look at metal capacity and selectivity changes gs @sidues are substituted for Asp
residues in small peptide chains. All peptide seges were synthesized with an initial
Gly residue to ensure a complete reaction clogbdaesin surface and to provide some
rotational movement of the finished peptide. WHilgs and Asp are both potential
cation binders, Cys has an affinity for soft medalds. Unlike combinatorial studies
where a possible 64 peptides could be created amitored for metal uptake, six
peptides were chosen to study extensively the gatmé metal binding preferences as
subtle changes were made in the peptide.

The six peptides consisted of three homopeptidegosed of only Gly, Cys and
Asp along with three composite peptides consistihgrimarily Asp residues with 1-2
Cys residues. Since the amino acid positioned theafree end of the peptide may have
greater freedom of movement than those locatedesiot resin attachment, Cys
positions in the peptide were chosen toward theddrile chain. This may foster more
efficient redox reactions in the case of disulfidemation and improved metal binding
participation. In addition to the six 7-mers, #angeptides consisting of one initial Gly
and one binding residue (Asp or Cys) were alsohggired for comparison. One
selected peptide was also immobilized onto CP®a& bt metal binding characteristics
when using a substrate with different propertiesnfiTentaGel.

The immobilized amino acid sequences created avevrsin Figure 4.2. The

nomenclature used in Figure 1 is used throughautdakt where T and CPG indicate the
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support media TentaGel resin and controlled poassjlrespectively. The letters G, D,

and C are used as per convention to representdStyand Cys residues.

4.3.2. Peptide characterization

Four representative peptides g{I Tep,coer Tece @and CPGpycp,c) Were
evaluated for composition and purity. Each peptdeTentaGel was prepared in the
same manner. Gly attachment is known to be an easyling while Cys residues are
known for their coupling difficulty. Thus, the piggies examined were chosen based on
their differing coupling behavior. The Edman defgton showed that all three peptides
on TentaGel were of the correct sequence and eadrlito be 93-95% pure (with error of
10% or less) using a cumulative repetitive yielélgsis’. A ninhydrin test performed
on resins with the initial Fmoc-protected Gly akted (TG(Fmoc)) indicated that 5 + 1% of
the TentaGel surface did not react. Since thistigepremained blocked at the N-
terminus, only amines not associated with the @&$ydues were observed. The TentaGel
resins received from Novabiochem have 0.30 = 0.03chof amine functional groups
per g of resin determined by Fmoc-alanine subsgiituand subsequent UV analysis of
the cleaved Fmoc groups. Taking into consideratien~5% surface that did not react
and the ~7-5% of the peptides that had the imprspgquence, the overall amount of
desired peptide was calculated to be 0.27 + 0.0®lnofrpeptide/g of resin. This value is
used to calculate metal to residue binding ratwsafl TentaGel resins. Although small
amounts of undesired peptides will also contritiatdinding, the error in the loading
capacities accounts for this discrepancy.

For a comparative study, one peptide was also egitéd on CPG (CR{g,cp,c)
and analyzed. In contrast to this same sequenc&emtaGel, Edman degradation
analysis showed that only ~40% of peptide was tlmeecbsequence on the CPG. Most

of the error, however, occurred as a result of imgiete coupling of the final Cys residue
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to the peptide as indicated by the Edman degradatinalysis (not shown). Although
CPG has been used as a substrate for péptitnd oligonucleotide synthe3{s* fewer
chemicals and time were needed to create a highymeptide on the TentaGel media
for use in continuous flow studies. The peptidediog capacity on CPG was estimated
to be 0.10 £ 0.01 mmol of peptide/g of CPG by %@lgsis and agrees with loading
capacities of oligonucleotides on similar CPG By using the CPG surface area, the
peptide coverage 0B8PGsp,cp,c Was calculated to be 6.6 (+0.7) x'i@eptides/crh
which represents close to monolayer covetag@he peptide loading on TentaGel was
calculated to be 2.5 times more than that on CP@&restingly, McAlpine and Schreiber
have shown that 40-60% of the loading capacity entdGel is located on the outer 5-10
pm rather than being uniformly distributed throughthe support as is the case for

porous glass media such as CBG.

62



800 -

120 Expanded View
2 7004100{ | 2 C_INi
==

g’\ 500 801 " r.4cd

= . I Jco
© 60-
O S " o =
C % 500 - | = a8
E o 20 % H
% S 4004 olem= i [T repen ] y
oD % & & o|fH Bl
—_— S O ] £
T @ 3004 > B
g ° D UHIN A g

€ 200- HIAH N A
o 32 A s
2 104" O AE (R

0 I)\ ) ) ) ) = = = ) )
A A A A A Py A
la) %
Immobilized Peptide °

Figure 4.2. Single metal capacities of various joegtsynthesized on TentaGel (T)
resin and controlled pore glass (CPG). Peptideposition is denoted by G
= Gly, D=Asp, C=Cys, and Trt = Trityl (thiol bloakgy group). Solutions
containing 20 pg mL-1 of a metal in 0.02 mol L-1PES buffer (pH 7)
were passed through the columns until breakthrovaghobserved.
Capacities reported are an average of both breakghr(n = 3) and strip
analysis (n = 3) values.

4.3.3. Single metal binding studies

The NF*, Cd*, Cd* and Md" single metal capacities were determined for all

peptide sequences using both breakthrough curvesaipdanalysis (Figure 4.2). The
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TentaGel resin shows negligible binding for alltoé metals tested. ¢J also showed

minimal metal binding as glycine does not posséssged side groups and the peptide
backbone apparently provides minimal binding sitethis system. This indicates that
any significant metal binding by the peptides isnarily a result of charged side groups
on the amino acids. Metal to residue binding satalculated in this study will not

include the initial Gly residue due to the low nidtimding capacities relative to the other

residues.

With an active amino acid bound to Glygd T, and Ec(m)), increased metal
binding was observed. ¢f displays the highest metal binding for these twsidue
peptides, especially for Niand Cd" where the metal to Asp residue ratios are ~1:3.
The metal binding trend agrees with that reporte&hblumian et al. for negative oxygen
donors, such as carboxylates, in biological systant with previous work done with

immobilized Asp and Gf®*% Tgc showed greater metal preferences thgg for Ni**

compared to Cd and Cd" compared to C3 and Md*. Trt blocking of the thiols,
TGc(m)’ further decreased the capacity for all metalsepkdvlg”. Although the thiol
groups are blocked by the Trt group, there is afiffreciable binding of most metals over
that of the all glycine peptide. Metal bindingdli results from metal interactions with
the lone pairs on sulfur atoms. An increase irf Minding with the Trt group may be
due to interactions with delocalized pi electromsnt the three benzene rings that
compose the Trt group. The metal binding seldgtiof Tgc follows trends seen in
previous work evaluating PLC$/&

The remaining seven-residue peptides on TentaGelwesh the expected
improvement in capacities but also exhibited sonmeisual metal binding trends.
Interestingly, columns containing only Asp and bagp and Cys maintained a metal to
Asp binding of 1:(2.2 + 0.2) and 1:(2.5 + 0.3) #** and Cd*. These ratios are also
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consistent with that seen for the 2-residue pepligieof 1:(2.5 £ 0.3) and 1:(3.3 £ 0.4)
for Ni** and Cd*. This suggests that peptides composed of sevémoamsids do not
“wrap” around the metals they bind, as suggestedhi® longer biohomopolymérsthat
consist of 50-80 amino acid residues. Rather, Mmer peptides behave more like
immobilized single amino acids in that they possesal to residue binding ratios of
1:(2-3)3>%8

Cc®* and Md" capacities jump disproportionately as the peptidesease from
two residues to seven residues. For example, thetg Asp ratio is 1:(5 + 0.6) forgb,
yet it increases to 1:(2.7 = 0.6) for all severides peptides containing Aspramatic
changes are seen with ﬁﬂgNhere T Tepyeooe Tepacy Tepse, and Tspg have metal to
Asp ratios of 1:(10 1), (6 £ 1), (4.0 £0.5), (&£3.5) and (3.8 £ 0.4). The orientation of
carboxylate groups for Gband Md* binding may be more easily optimized with longer
peptide chains containing Asp, thus enhancingik&itiood of interchain binding. Cys
groups in the composite peptides also contribuotoe binding. Althoughdpg has the
largest capacity for any given metalgp] which possesses five fewer Asp residues,
shows more differentiation in binding capacitieghe single metal studies. The longer
seven residue peptides may enable weaker bindieg tai form that are not created with
the two residue peptides.

Overall metal capacities decrease as Asp resideeseplaced with Cys residues
as shown in Figure 4.2 forehg Tepsc, Tepacpoc, Tepsc, aNd T All metals tested have
binding affinity towards carboxylates, thus as lésp residues compose the peptide
certain binding sites are lost. The addition & Cys residues, however, does not greatly
affect the comparison of the different metals boundsingle metal experiments.
Topyeose and Teosc, @ppear to have similar binding capacities fof NCd™* and CG6;
however, the Mg capacity decreases when two Cys are positionesttiegat the end of
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the peptide, viz., dp,c,. It seems evident that some fMdinding sites are disrupted by

this small change in sequence. A large decreadgfii binding is also seen withggg

along with a large shift in metal capacity valuesc®* over N#* and C8*. Although
capacities for all metals generally decrease withihcreasing number of Cys residues
substituted in the peptide, it seems as thouglintpeoved selectivity for Ct with Tocs

is a result of an increase in €dinding by the thiols and not a disproportionalehger
drop in capacities for the other metals. Th&€'Gd Cys ratio is 1:(5.7 + 0.7). This
increase in Cd single metal capacity is only evident with six seautive Cys residues,
not with the peptides tested possessing only one@ICys. Previous work with PLCys
also shows a binding preference of?Cdver Nf* and C&* due to the thiol groups
affinity for Ccf*.61339

Although Tgpg binds the greatest amount of each metal testgg, Shows more

differences in metal binding capacities. For ex@nfsc; has more than twice the

overall sites for Ct than for any of the other metals tested. “Mijnding is only 10% of
the next lowest binding G& Both hard and soft metal acids are often ablbitid to
hard bases, while soft bases usually show largderences towards soft metal acitls.
Peptides terminating in a Cys residue also displayeintense color change from
the off-white color of the resin to a burgundy golshen exposed to Rli or CF*
solutions. In the case of Njj the metal was easily released with acid and metlito an
off-white color. In the case of € most of the metal was released with acid, yenalls
amount stayed on the column as indicated by th&igtence of the burgundy color of the
resins. Similar color changes have been seenNifthand CS* when complexed to Cys
in solution”** On the other hand,cF;,, did not produce a color change when thé"Ni
and CG" solutions were tested since the thiol functiogalias blocked, indicating the
color was produced through coordination with amémel thiol group®****44 Color
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changes pertaining to PLCys immobilized to CPG hae¢ been reported as the
biohomopolymer is attached through the amine teusieaving the carboxylate at the
terminal end.

A combination of thiol and amine coordination frdé¥3 Cys residues plus the
presence of oxygen has been shown to oxidiz&" @ Cd® and create a burgundy
colored compleX®**** In our studies, the GaCys complex was not easily released with
acidic solutions or chelating ligands such as EDTMost of the burgundy color,
however, disappeared by passing a reducing solaidh2 mol L* SnCh through the
column for 30 min (2 mL mi#) indicating the C& was being reduced. For future
studies, peptide chains terminating in Cys showdatoided in order to sustain rapid
metal release, allow disulfide formation and engulleuse of binding sites.

One sequencep,cb,c, was synthesized on both TentaGel resin and CA&al
capacities for these two supports were comparedetermine if the support impacts
complexation or metal capacities. Overall capesiton CPG are lower because the
loading capacity is lower. The metal binding prefeees and metal to residue ratios
GD,CD,C are similar on both support media within errorgd dhe small differences were

possibly due to dissimilar immobilization chemiss; purity and/or support compaosition.
The metal to residue ratios of Nand Cd" for CPGspycpycare 1:(4.6 £0.5) and 1:(5.3 +

0.5), and the ratios forgp,cp,c are 1:(3.2 = 0.4) and 1:(3.5 + 0.4). The’Cw residue
ratio on CPGp,cp,c and Tsp,cp,c are 1:(9 £ 1) and 1:(4.2 £ 0.5), and theM residue

ratio on CPGp,cp,c and Tep,cp,c are 1:(8 = 1) and 1:(5.8 = 0.7). The lower métal

residue values for CPG could also be a result @ gmlution mass transfer and an
inability to reach values close to equilibrium veduas suggested by Jurbergs and

Holcombé.
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In comparing the short peptide on CPG with longes. (50 residues)
homopolymers previously studfet, one readily sees a marked improvement in metal to
residue ratios for the shorter peptides. Malactkdasd Holcombe have shown thatNi
to residue ratios for PLAsp and PLGIlu of 1:156 arith9, respectivel} In contrast, the
shorter chain peptide analog of PLAsppJ has a metal to residue ratio of 1:2. This is a
50 fold increase in residue use for binding an@arly 10 fold increase in the number of
metals bound per chain. The®do residue ratios for PLCys was shown to be ~%:20
while Tgeg has a ratio of ~1:6. This indicates that the enedreapacity values are not
just a result of using a higher loading capacigjrre

In comparing the short peptides on TentaGel with hlomopolymers on CPG,
some differences should be noted. The length @fitimobilized homopolymers have
been shown to “shorten” with the introduction oftedéons indicating the formation of a
three dimensional coordinating matt. The introduction of an acid caused additional
shrinkage, which indicated the formation of a tighhdom coil that spoiled binding
cavities and promoted easy release of bound mdtasto a proton-induced tertiary
structure change of the polymer. In the case efdmall peptides (7 residues), most
residues are participating in metal binding andgnration of the side chains could only
occur if protons competitively displace the metdlhus, it seems less likely that there
will be significant tertiary structure changes iangarison to that seen for the larger
homopolymers.

Although minimal tertiary structure changes areeztepd with the short 7-mer
peptides, transient signals showing the releas€df from CPGpycpyc and Topyepye
indicate rapid release of the metal. *Cdvas stripped from the 7-mers with the
introduction of 0.1 mol ' HNO; at 1 mL mif* to give a ~6 s peak (width at half

maximum) shown in Figure 4.3, which is comparalette Cd" strip profile of the
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biohomopolymer Poly-L-Cys on CPG Although biohomopolymers immobilized onto
CPG have been shown to reach equilibriiembinding under mass transport limitations
at typical flow rates of 1 mL mi#, the acid strip profiles are similar to the 7-mer
peptides on both TentaGel and CPG. One explandtorthis is that the proton

concentration during the stripping process is igdaexcess and with the proton diffusion
rate ten times that of the metals studied, solutimass transfer and lack of tertiary

structure change may not limit the speed of metabise in the systems investigated.

0.6
0.4

0.2 1

Absorbance

1 1.5 2 2.5
Effluent Volume (mL)

Figure 4.3. Cd stripped offch,cp,c; CPGspycpyc, and CPGPolyCys into AAS. The

metal was loaded on the peptide using 15 mL ofGafih Cd solution,
rinsed for 1 min with 0.02 mol't Hepes buffer, and stripped into the
spectrometer with a 0.1 mol‘Lsolution of nitric acid.
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4.3.4. Selected, multi-metal binding studies

A select group of metals (Nj Cd*, Co’*, and Md*) were combined in a single

solution to evaluate competitive metal binding tbe 7-mer peptides.The capacity

results are presented in Table 4.1. The metattatees of Tepg Tepse, Tepsc, and
Tepycopc for the multi-metal studies (Figure 4.4) are modticeable than one would
predict from capacity results for the single mestaldies. C% and Md* do not appear to

compete as well for sites in the presence 6t hind Cd".

Table 4.1. Multi-metal binding capacities (umolenwdtal / g ofresin) of various
peptide sequences on TentaGel résin

sggaigﬁce Ni2* c* ce* Mg?* Total

Teps 207 + 5 75+ 3 254 + 6 53 + 8 590 + 10
Tepsc 200 + 10 71 + 6 250 + 20 57 + 5 580 + 10
Tepscz 153 + 10 77 + 4 291 + 7 56 + 4 580 + 20
Tepscose 137 + 6 72 + 2 199 + 10 70 + 20 470 + 20
Tece 57 + 4 26+ 4 111 + 2 <1 105 + 6

2All measurements were made in triplicate. Multitahesolutions (20 pg mL-1 Ki,
Co?*, Cf*, and Mg" at pH 7) were passed through the column at 2 nri-Ini
T=TentaGel resin, G=glycine, D=aspartic acid, argySteine.
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Figure 4.5. Tpg breakthrough analysis of € Cd™*, Mg?*, and Nf* overlaid. Each

metal was monitored separately via FIA-FAAS whilmalti-metal solution
(20 pg mL in all metals) was passed through the column.

Figure 4.5. shows the breakthrough curves for to#ivmetal solution for Epg.

Small rises in effluent concentratiabovethe 20 pg mtt influent concentration are seen
for Mg?*, Co** and to a small extent, Nj indicating a displacement of metals from sites
by other metals. These metals are competing fhiereithe same sites or functional
groups that compose the site. Similar competitiveding behavior has also been
observed with polyamino acids attached to micmafiion membrane®. All resin types
tested show similar trends except for TG@ich showed no effluent concentration over
20 pg mk! (not shown). In the single metal studies, all mgdsites are occupied by one

metal and the set of binding equilibrium is heldistant as long as cooperative binding is
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not a factor, while in the multi-metal solutionstale are competing for sites or parts of
sites. As more metals are bound to the resin magtéhe equilibrium will constantly
change if metals compete for sites or functiorediticomposing various sitesnd
predicting these systems can be quite difficulfaug, it is not surprising that the total
moles of metals bound from the multi-metal experntaediffer from the single metal
experiments. It is interesting to note, howeVeat the total moles of metal bound in the
multi-metal studies are less than the moles boondhie metal with the highest capacity
in the single metal studies. One exceptionds,d, which binds 15% more mixed metals
when compared the highest single metal capacityis iicrease is mainly due to €d
binding which will be discussed further. Theseuhsssuggest that metals in a single
metal solution in the absence of other metals iilld to all sites possible from very
strong to very weak. In the presence of competiegals, the single metal species will
compete for all the sites, but bind to the strohgétes for that metal. Forgp, cd*
seems to have the largest stability constant duthdoconsistency of binding as other
metals tested are pushed off the colun@ttong sites for each metal may be different

depending on size, coordination number and affifity

Although small capacity differences inKiCd** and Cd” binding to Tpg Tepsc
Tepycopc @and Top,c, Were observed for the single metal binding studmesferences in
binding can be easily seen with the multi-metausohs, thus reflecting the relative

binding strength and competition for sites. Inséirggly, the respective single and multi-
metal binding trends for &, were Nf* > Cd* > C* > Mg** and Cd" > Ni** > Co™* >

Mg**. Although all seven residue peptides, excludiag,Tbind more Ni* in the single

metal studiespeptides with two Cys residues display large*Galectivities using the

multi-metal solutions. On the other hand/Crtains its dominance on thed, column
with CoP*/Ni** and Cd*/Co** metal binding ratios of 2 and 4.
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As denoted in Table 4.1,h,c, exhibits nearly 50% more Gt capacity than
Tepycopc SIMply as a consequence of shifting one Cys uppagitions in the peptide.
Cd?* typically will bind to more than one Cys, thus t@ys resides together may create
more binding sites for Ct. This suggests that minor modifications in primanyd
secondary structure of short peptides may easdyige significant selectivity changes.
Ni?* does not seem to be influenced by the Cys shifis fAsp is primarily responsible

for Ni** capacity in these two resins. The generally aetkpbft acid metal preference

for thiols would suggest thatsE; might exhibit significantly enhanced EMi% ratios.

However, Tp,c, Possesses the same”GNi** selectivity as e, yetwith even greater

Cd?* binding capacity. Thiol functionalities of Cyssigues can hydrogen bond to

neighboring Asp residues, rendering the thiol geoupore nucleophilic and ready to

bind*’ In addition, at pH 7 many of the thiols pertamio Tocg remain protonated (pKa
~8)"® while those of &p,c, May be more prone to deprotonation as describesteab
Although similar in selectivites, the metal to oks¢ binding ratios are higher witksd,c,
than the previously explored systems using PLGCE‘ysTGC6 may be more beneficial in
some instances where a large selectivity againét Mglesired.

The multi-metal solutions were also run overnigiotigh Tsps to verify that
equilibrium was reached after breakthrough (camdt), which had not been the case for
earlier studies with PLCys on CPG where capactesd double with >16 h of exposure
to a fixed concentration influent solutifi. This was probably as a result of slow mass

transport in the CPG and not as a consequencendfnigi kinetics. For dp;, metal

capacities for Nif, Cd** and C8* are <10% larger for
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Table 4.2. Metal capacities (umole of metal / g@$6) using 500 mL of multi-metal
solutions flowing at 1 mL/min (i.e., ca 8 h)

Metal No preloading Ct preloading Ni* preloading
Ni%* 230 = 20 230 * 10 218 + 8
o 274 + 6 283 + 9 282 + 1
Co** 105 * 5 100 = 20 110 = 20
Mg** 51 + 3 53 + 8 5 + 1

*Metal solutions each 500 mL were passed througledhenn at 1 mL min.
Measurements were made in duplicate.

bColumn was preloaded with 50 mL of 20 pg#Cd*in 0.02 M HEPES (pH 7)
(1 mL mir%).

Cc

Column was preloaded with 50 mL of 20 pg#MNi*" in 0.02 M HEPES (pH 7)
(1 mL min?).

the 8 h (Table 4.2) when compared to 40 min runabl@ 4.1). C% achieves
equilibrium at a slower rate with a 30% increaseariatal capacity when run for 8h.
Overall, results indicate good mass transfer witthia resin as well as fast binding
kinetics. The ability to rapidly attain equilibruis also supported by preloading the
column with Cd" or Ni** prior to exposure to the multi-metal solution. isTonsistently
resulted in the same binding capacities as therempet run without preloading. This
further suggests that in spite of filling “sites’itiv a given metal, a second metal can
move freely into the resin and readily establishuildgyium conditions within the

microenvironment.
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4.3.5. Determination of Conditional Stability Consants

Conditional stability constants were determinedtfae highest capacity column,
Tepg and are shown in Table 4.3. In comparing the tmmdl stability constants and
metal capacities from both the single metal and tinmgtal experiments, an
understanding of the binding sites may be obtairteach “site” may represent a different
number of ligands and/or a variety of coordinatggometries, depending on the metal.
Consequently, it's not unexpected that the capscand number of sites may vary with
the metal cation under study.

The Cd" binding site density for the two strong sites appmately equals the
experimentally determined &dcapacity, thus indicating that most sites are pie
The dominance of Cd binding in the multi-metal study suggests thatdminates over
the other metals, in spite of Niand CS" also exhibiting a significant number of strong
binding sites.

Ni?* has two sites at log K of 3.6 and.8, but also has site/sites that are very
weak (log K < 1.1). Because only 469 umol of ¢ged TentaGel resin is accounted for
in the stronger sites, the weak sites bind 252 pehohetal/g of TentaGel resin at this
loading concentration. It appears that only thengest sites are competitive in the
multi-metal binding studies since 70% of the catyasilost. .

The single-metal studies in Table 4.3 suggests €@ and Md" have a
significant number of strong sites (i.e., log Kued that exceed the upper limit imposed
by the detection capabilities of the FAAS). Howeveeither is competitive in the
mixed-metal study where oand Md" lose 90% and 88%, respectively, of their
capacities when forced to compete wittfCahd Nf*.

These data point out the difficulty in predictinghavior of systems where the
binding “site” takes on varying definitions depemglion the ion being chelated. It
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Table 4.3. Conditional stability constants and deasity (Lt mole/g of resin) of
Tepgwith four metal$
(ofs il Ni2* co? Mg**
Log Site Log Site Log Site Log ite
K density K density K density K densit
46 396 >1.1 4 28 317 <15 &
>5.5 315 36 173 >4.7 629 3.6 173
>4.8 296 >4.8 291

&/alues were calculated from binding isotherms usitgQUASI program.
PWeak sites determined by using a linear isotherrarpater could not be quantified.
°The total amount of N and Md"* bound to Bo,is 7209 pmole/g of resin and 427+1

pmole/g of resin.

disallows the accurate use of measured equilibreonstants and site densities in
forecasting chelator behavior when competing sgednie in the same solution. This is in
distinct contrast to, for example, a single entityglator such as a EDTA or crown ether,
where a “site” and the binding stoichiometry arnatieely well defined and the same for

a large number of competing cations.

4.3.6. Effects of Cysteine oxidation

The thiol groups of Cys residues can undergo okidatio disulfides or higher
oxidation states depending on spatial positionihthiols, pH, concentration of reagents,
and relative oxidation and reduction potentfdlolumns were treated with 1 x 1énol
L™ o-iodobenzoic acid, a mild thiol-specific oxidigimgent, and 1% hydrogen peroxide,
a stronger and less specific oxidizing agent.s kxpected that as the thiols are oxidized

to disulfides, there will be fewer sites for thetale to bind. Also, the length of the
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chains, Cys positions and peptide surface densi#ty have a large effect on oxidation
kinetics.

The effect of using oxidizing agents on the petideas determined by

monitoring Cd" binding (Table 4.4). As expected, the?Cdapacity of Eog did not

change when treated with either oxidizer sinceidt mbt contain any thiols. gbsc did

show a 5% and 7% decrease in capacity with o-idosoic acid and hydrogen

peroxide, respectively. ch,cp,c Showed a 3% and 8% decrease in capacity with o-

iodosobenzoic acid and hydrogen peroxide, respsgtiv The small drops in Gt

capacity suggests that most of the capacity isrohted by the Asp residues in these

peptides. Ep,c, showed a 5% decrease in capacity with o-iodoberaait, but a 17%

decrease with hydrogen peroxide. “Gmhpacity is decreased by a greater extent due to

Table 4.4. Cadmium capacity (umole of Cd / g ofmesn immobilized peptides
treated with oxidizing agerits

Peptide No treatment o-iodobenzoic Hydrogen

sequenc® acic® peroxidé

Tepg 690 =+ 10 700 £ 10 690 * 10
Tenec 551 + 8 524 + 3 513 + 5
Tep,co,c 439 + 6 423 1 398 + 6
Ten,c, 420 = 20 396 + 7 349 + 8
Tec 280 = 20 250 = 10 147 + 2

All measurements were made in triplicate. The cipaalues were determined
from strip analysis.

PT=TentaGel resin, G=glycine, D=aspartic acid, arty3teine

“1 mmol L-1 of o-iodosobenzoic acid passed throughran at 2 mL min-1 for 10 min.

919 hydrogen peroxide passed through column at 2nink1 for 10 min
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sites lost where the two Cys are positioned adjaimesach other. Most of the capacity
was returned (i.e., 97 + 10%) with 50 mL of 0.02/ind DTT (pH 8).

As expected, the peptide composed of all Cyg,,Tshowed the greatest capacity
decrease: a 13% capacity loss with o-iodosoberamidtand a 47% loss when oxidized
with hydrogen peroxide. After reduction with DTthe column capacity returned 94 *
7% after o-iodosobenzoic acid and 83 + 7% aftgdiHexposure. Previous studies with
PLCys showed Cd binding decrease by 50% when exposed to 1% hydrpgeoxide,
however, total capacity returned when exposed t®.DT

Along with the loss in capacity, the disappearantethe burgundy colored
complex was also observed wherfNind C&* were bound to the oxidized material and
the color returned after reduction with DTT. Besawolor production is most likely due
to the terminal Cys, this indicates that most @& terminal Cys groups are involved in
disulfide formation and color formation. If therpgide oxidized some of the thiols to
sulfenites and sulfonates, these highly oxidizean® of sulfur may also take part in
metal bindind®’ These current experiments indicate that shortige containing few
Cys may undergo redox reactions but do not impaethinding character of the other
residues on the chain. This may be advantageoaseifwere to attempt to lock in a

tertiary structure change by, for example, diselfidrmation to improve selectivity.

4.3.7. Preconcentration of Ni* and Cd?* in artificial seawater: Accuracy and
recovery

While these materials could be considered for reated, the columns could
also be employed in analyte preconcentration schemeé\s noted previously,
reproducible but inefficient binding could still gquce a high degree of analytical

accuracy. Thus, in addition to determining thditytiof some of these materials for

79



analytical preconcentration, from seawater, thalibip efficiency viz., recovery) for Ni
and Cd were also determined for this matrix.

Cd*" and Nf* in artificial seawater were studied usings Tep,c, and Tgs and
the results are shown in Table 4.5. As can be feeranalytical accuracies were all
within the uncertainties associated with the procedvith the exception of i for the

Cys laden chain (dc;). The analytical error and poor recovery fof Nan this column

are not surprising since the thiols do not haveang propensity for Ni. With the

Table 4.5. Analytical accuracy and analyte recowemgn preconcentrating Niand
Cd®* from artificial seawatér

Ni2*
Peptide .
Sequence Actual conc Determined conc.
(ug mLY) (ug mLY) Recovery(%)
Tepg 0.30 0.30+ 0.02 | 100+ 20%
Tep,c, 0.30 0.29+ 0.02 | 110+ 10%
Tec, 0.30 0.23+ 0.02 69 + 1%
Cd**
Peptide .
Sequence Actual conc Determined conc.
(ug mLY) (ug mLY) Recovery(%)
TGDG 0.075 0.072+ 0.009 95 + 5%
TGD402 0.075 0.073+ 0.002 109+ 9%
Tec, 0.075 0.076+ 0.005 | 110+ 10%

®Single metal solutions at pH 7 were passed through
the column at 1 mL mitk Measurements were made in triplicate.

"T=TentaGel resin, G:glyzcine, D=aspartic acid, argySteine.

°A 100 mL 0.05 pg mE Ni” solution in artificial seawater was used.
+

9A 50 mL 0.05 pg mt* cd” solution in artificial seawater was used.
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exception of Ni* on Tece: the data suggests both efficient preconcentratod

calibration capabilities without matching the nrain standard preparation.

For the loading volume of 5 mL, an enrichment faabca. 25 was found for

both Cd* and Nf*. The peak base width at 90% area of the stripeek was 122 s

(ca. 0.2 mL) in both cases. Interesting, the iaheibroadening of the signal due to

dispersion in the FIA system and mixing in the FAAfXing chamber of the burner

produces a rise time of ca. 20 s (Figure 4.6) aag be the primary contributor to the
width of the detected signal.
0.11+
0.09+
8 introduce
g 0.07-
o}
2
2 0.05-
<
Z 0.03- cleared
with acid
0.01+
A
-0.01"
0 20 40 60 80 100 120 140
Time (s)
Figure 4.6. Signal broadening due to dispersiahéFIA system and mixing in the

FAAS mixing chamber. Ni absorbance after a 20 jLg' Mi?* solution was
aspirated into the instrument via a peristaltic piand then cleared using
0.1 mol L*HNOs. This process was repeated 3X.
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4.3.8. Efforts in Metal Templating using DisulfideBonds

Cross-linking of the peptides using a mild oxidgiagent, o-iodosobenzoic acid,
was used to template for both Mand Nf*. Cd* was not used in this study due to the
strong red complex formed on these peptides arfd Waks not used in this study due to
its strong affinity for the thiol cross-linking negies. Figure 4.7 shows the method used

for cross-linking.

Reversible
disulfide formation

—s- s—

l o-iodosobenzoate pH 8.0

l DTT pH 8.0

—_ S_ _S_
Figure 4.7. Pictorial representation of the rexsescross-linking procedure.

Three of the composite peptides were used for nigtaling. Previous attempts to
template using PLC$3 were unsuccessful likely due to disulfide exchangeat can

occur with many cysteine residues in close proximit
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Metal Column Capacity
(umole / g of support)

Figure 4.8.

Composite

TGDDDDDC TGDDCDDC TGDDDDCC
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0.
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100; %
0- - ; .
Mg Ni Mg Ni Cd Mg Ni Cd

Metal capacities okdcc, Top,co,c: and Top,c, after exposure to templating

conditions with no metal (A), templating conditiosfser binding M§" (B),
and temE)Iating conditions after binding'N{C). The metal capacities of
Mg?*, Ni**, and Cd" are reported before templating (white  box), after
templating with metal and iodosobenzoate (strip@d band after reduction

with DTT (grey box).

peptides composed of Cys with crossdmkhiol residues and Asp residues

possessing an active carboxylate binding functionalere used to template for ¥lig

and Nf*. In this way, the thiol residues were free fasss:linking and the Asp residues

bind the metal species of interest. Figure 4.8wshthe results of these cross-linking

experiments. The top series of bar graphs (A) shioev results of the templating
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experiments with no metal. The behavior offCi$ consistent for all three columns
where the capacity is dramatically reduced aftessilinking, which was expected due to
less thiols available for metal binding. The hagfinity of Cd?* to thiol functionalities is
evident and a capacity reduction indicated thar@pmately 50% of C8' binding sites
in these peptides involve thiol functionalitiesntdrestingly, the Ni capacities tend to
increase after the oxidative cross-linking @bdc, and Tep,cp,c. This may be a result of
binding sites for Cd composed of both thiol and carboxylate functidiedi that no
longer exist after oxidative cross-linking, freeirmg@rboxylate groups and creating
additional binding sites for Kii. Less C&" hybrid binding sites due to adjacent cysteine
residues may be responsible for the decreases’inchipacity after the cross-linking of
Tepacys IN addition to a decrease in“Nbinding of terminal cysteines. Results for each
peptide after Mg templating (B) provides minimal evidence for fotina of selective
Mg** binding geometries and is similar to the resufth wo templated metal (A). Cross-
linking still occurs through the thiol groups anéybe to a lesser extent when a metal is
bound prohibiting some disulfide formation eitheledo Md* - thiol binding or perhaps
increased steric constraints. Templating fof'NC) produces similar results except no
increases in Ni capacities are observed after cross-linking. Thlered amine-thiol
complexes observed during the metal binding studies tie up the thiol groups
reducing some cross-linking, however, still elimiing many Cd" sites.

Overall, attempts to template using these shqutigpes show that selectivity
depressions and enhancements are primarily a resufiminating thiols that may
participate in metal binding, in addition to thetadldbound during templating, inhibiting

a small percentage of thiols to be oxidized to lfickes.
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4.4, CONCLUSIONS

Short peptides (2 and 7 residues) immobilized omentaGel resin, like
previously explored single residues and biohomapehg, show selective metal binding
based on the amino acids used as well as the (nidersecondary structure). Unlike the
longer biohomopolymers, these peptides show vegh hinetal to residue ratios.
Additionally, the high surface coverage and thelitgbto be immobilized onto a
commercial resin (e.g., TentaGel) contribute tooadycapacity, especially for the 7-
mers. It is postulated that the smaller peptidesiak change conformation as much as
the larger biohomopolymers previously studied. S honost -- if not all -- residues
participate in direct metal binding. Peptides inffied onto TentaGel resin also appear
to display good mass transport through the resith reliminary data suggests the
establishment of equilibrium in the column under flow conditions used in this study
although confirmation of this remains to be vedfie

These studies also indicate the importance of chenaing preconcentration and
remediation materials with multi-metal solutionerad with single metals solutions when
a one-to-one correlation of the metals to “sites’uncertain. In short, simple use of
determined stability or dissociation constants floe metals of interest may not be
predictive of the binding performance when mixedahsolutions are encountered.

Perhaps most significantly, the results from theét-peptides demonstrated that
very measurable differences in metal capacitiessatettivities could result from subtle

positional changes of only a few residues.

85



4.5.

10.
11.
12.

13.
14.

LITERATURE CITED

Malachowski, L.; Stair, J. L.; Holcombe, J.PPure and Applied Chemist2004
76, 777-787.

Rulisek, L.; Vondrasek, Journal of Inorganic BiochemistrdQ98 71, 115-127.
RuliSek, L.; Havlas, Zlournal of Physical Chemistry 2002 106, 3855-3866.
Stillman, M. J.; Shaw, C. F.; Suzuki, K. T., Elfetallothioneins, Synthesis,
Structure and Properties of Metallothioneins, Ployielatins, and Metal-Thiolate
ComplexesVCH: New York, 1992.

Elmahadi, H. A. M.; Greenway, G. Mournal of Analytical Atomic Spectrometry
1993 8, 1009-1014.

Howard, M.; Jurbergs, H. A.; Holcombe, J.Jaurnal of Analytical Atomic
Spectrometry1 999 14, 1209-1214.

Howard, M.; Jurbergs, H. A.; Holcombe, J.Afalytical Chemistry1998 70,
1604-1609.

Jurbergs, H. A.; Holcombe, J. Analytical Chemistry1997, 69, 1893-1898.
Gutierrez, E.; Miller, T. C.; Gonzalez-RedondoR.; Holcombe, J. A.
Environmental Science and Technold®@9 33, 1664-1670.

Malachowski, L.; Holcombe, J. Analytica Chimica Act2004 517, 187-193.
Malachowski, L.; Holcombe, J. Analytica Chimica Act2003 495 151-163.
Miller, T. C.; Kwak, E.-S.; Howard, M.; Vand&out, D. A.; Holcombe, J. A.
Analytical Chemistr001 73, 4087-4095.

Johnson, A. M.; Holcombe, J. Analytical Chemistr005 77, 30-35.
Hagemeyer, A.; Jandeleit, B.; Jiu, Y.; Pooj&yM.; Turner, H. W.; Volpe, A.
F.; Weinberg, H. WApplied Catalysis 2001, 221, 23-43.

86



15.

16.

17.

18.

19.
20.

21.
22.

23.

24,

25.

26.

27.

28.

Wennemers, HCombinatorial Chemistry and High Throughput Scregrii001,
4, 273-285.

Reetz, M. T. 'Comprehensive Coordination ChemistryNicCleverty, J. A.,
Meyer, T. J., Eds.; Elsevier Ltd.: Oxford, 2004;IV& pp 509-548.

Francis, M. B.; Jamison, T. F.; Jacobsen, ECiNrrent Opinion in Chemical
Biology 1998 2, 422-428.

Shibata, N.; Baldwin, J. E.; Wood, M.HBioorganic and Medicinal Chemistry
Letters1997, 7, 413-416.

Ye, Y.; Liu, M.; Kao, J.; Marshall, G. Biopolymers2003 71, 489-515.
Atherton, E.; Sheppard, R. 8olid Phase Peptide Synthesis-a Practical
Approach IRL Press: Oxford, 1989.

Merrifield, R. B.Journal of the American Chemical Soci&863 85, 2149-2154.
Cotton, F. A.; Wilkinson, GAdvanced Inorganic Chemistry-a Comprehensive
Text 3rd ed.; Wiley Eastern Limited: New Delhi, 1972.

Pearson, R. GQournal of the American Chemical Soci&863 85, 3533-3539.
Masoom, M.; Townshend, Analytical Chemistry1984 166, 111-118.

Sarin, V. K.; Kent, S. B. H.; Tam, J. P.; Méeld, R. B.Analytical Biochemistry
1981, 117, 147-157.

Cernik, M.; Borkovec, M.; Westall, J. Environmental science & technology
1995 29, 413-425.

Perkin-Elmer User Manual 904244: Procise 49x Ciotein Sequence System
1996.

Albericio, F.; Pons, M.; Pedroso, E.; GiraltJ&urnal of Organic Chemistry
1989 54, 360-366.

87



29.

30.

31.
32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.
43.

Battner, K.; Zahn, H.; Fischer, W. Hroc. Am. Pept. Symp. 10thachen, Fed.
Rep. Ger., 1988 1987; ESCOM Sci.; 210-211.

Gough, G. R.; Brunden, M. J.; Gilham, PT&trahedron Letter&981, 22, 4177-
4180.

Kdster, H.; Stumpe, A.; Wolter, Aetrahedron Letter&983 24, 747-750.
Bard, A. J.; Faulkner, L. EElectrochemical Methods: Fundamentals and
Applications Second ed.; John Wiley & Sons, Inc.: New York)20

McAlpine, S. R.; Schreiber, S. Chemistry- A European Journ&999 5, 3528-
3532.

Miller, T. C.; Holcombe, J. Alournal of Hazardous Materia®001 83, 219-
236.

Elefterov, A. |.; Kolpachnikova, M. G.; Nestek®, P. N.; Shpigun, O. A.
Journal of Chromatography 2997 769, 179-188.

Vinodkumar, G. S.; Mathew, Bhemistry- A European Journd998 34, 1185-
1190.

George, B.; Mathew, Bournal of Macromolecular Science Pure and Applied
Chemistry2001, A38 429-449.

Sugii, A.; Ogawa, N.; Katayama, |.; Hida, Talantal1982 29, 263-266.

Miller, T. C.; Holcombe, J. AAnalytica Chimica Act2002 455, 233-244.
Neville, R. GJournal of the American Chemical Soci#8b67 79, 518-519.
Neville, R. G.; Gorin, Glournal of the American Chemical Soci&8b6 78,
4891-4893.

Schubert, MJournal of the American Chemical Soci&8381, 53, 3851-3861.
Michaelis, L.; Guzman Barron, E. urnal of Biological Chemistr§929 83,
191-210.

88



44,
45.

46.
47.

48.

49.

Arnold, A. P.; Jackson, W. Giorganic Chemistry199Q 29, 3618-3620.

Ritchie, S. M. C.; Kissick, K. E.; Bachas, L; Gikdar, S. K.; Parikh, C.;
Bhattacharyya, DEnvironmental Science and Technol@§p1, 35, 3252-3258.
Hancock, R. D.; Martell, A. EEhemical Review$989 89, 1875-1914.
Torchinskii, Y. M.Sulfhydryl and Disulfide Groups of Protejr@onsultants
Bureau: New York, 1974.

Voet, D.; Voet, J. @Biochemistry2nd ed.; John Wiley & Sons, Inc.: New York,
1995.

Howard, M. E., The University of Texas at Anost#ustin, 1999.

89



Chapter 5: Metal Binding Characterization and Conformational
Studies Using Raman Microscopy of Resin Bound Polgpartic Acid

5.1. INTRODUCTION

Designing materials for metal remediation and pneeatration based on
naturally occurring metal binding proteins has grayinterest due to their inherent
selectivity, strong binding, ease of synthesis vathariety of acid building blocks, and
environmental innocuity* Naturally occurring intercellular metalloproteinéten lose
metal selectivity when taken out of the pristindludar environment due to their
dependence on specific non-covalent interacffoi@ne simplifying approach is through
the use of immobilized synthetic biohomopolymers=(80-70). These materials often
provide the needed selectivity based on the amanb side chain moiety with easy on-
demand release and reusabitity.

Specifically, these biohomopolymers can be attacbgubrous supports for use as
ion-exchange media where metal cation binding ofiecurs under neutral conditions
with the peptide chain conforming to a specificdimg orientation in the presence of a
complexing metal. Although conditional stabilitgrestants for these systems have been
shown to reach K 10'4° metal release can occur rapidly with the addivéracid.®
These materials are also effective in seawaterixeaft’ and resistant to mild oxidizing
conditions, increased temperatures, and some endggradatiof?.

It has been suggested that these biohomopolymach r@ conformational free
energy minimum during metal binding and not allidaes are involved in metal
binding**? For example, previous studies of polyasparticl goi = 50), immobilized
onto controlled pore glass (CPG), reported thatiéwas bound per 160 aspartic acid
residues due to the coiled nature of the peptidéngumetal binding® However, a

shorter peptide (n = 7) composed primarily of Aspriobilized on CPG yielded a metal
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per residue ratio of 1:5.In the same study, this number was lowered tovhi&n PLAsp

(n = 7) chain was synthesized on a polymeric rebemtaGef This large increase in
aspartic acid residues per metal ion for theset gfeptides was thought to occur because
of increased interchain metal-peptide interactiand/or reduced coiling of the peptide
that make more residues available for metal coatain.

The peptide position and structure not only infleesy metal binding, but also
influences metal release of PLAsp and other imnmdadl biohomopolymers. It has been
speculated that the ease of metal release by amidonly occurs through metal
displacement by H but also through conformational changes as altre$uncreased
hydrophobicity that perturbs the overall bindingogetry”*>** The most direct
evidence to date involved monitoring the heighpeptides immobilized on a flat glass
substrate using atomic force microscopy (AFf).These authors interpreted height
change under different solution conditions to clesnig conformation of the peptide.

While the AFM data was supportive of the proposeztimanisms, it would be
useful to obtain more direct, spectroscopic evident the tertiary structure of these
immobilized peptides. It has been shown that Raspattroscopy can provide spectral
features that are assignable to structures suakhatices,-sheetsp-turns, and random
chains®®

In the current study, the relationship between ideptiength and peptide
secondary structure during metal binding to aneéast from PLAsp on a polymeric
resin, TentaGel, was evaluated. PLAsp composechain lengths 6, 20 and 30 was
synthesized, and four different metal cations IM@c*, Cf* and Nf*) were used for
characterization. Metal binding capacities, candal stability constants and metal
release behavior were determined using a flow figecsystem with a packed

microcolumn and either flame atomic absorption spebhotometry (FAAS) or
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inductively coupled plasma mass spectrometry (ICP-Mietection. Additionally,

Raman microscopy was used to monitor changes ipépédes’ secondary structure by
viewing single TentaGel resin beads containing irbitimed PLAsp. Spectra from beads
in metal-free buffer, beads exposed to metals aadi®H exposed to acidic solution were

collected and compared.

5.2. METHODS AND M ATERIALS

5.2.1. Chemicals

All chemicals were reagent grade unless noted,danwhized distilled water was
used to prepare solutions. All glassware was sbakernight in 4 mol I HNO; prior to
use. Peptide synthesis reagents NovaSyn TG (Telhta€sin (170 mesh; 0.24 mmol/g)
and NovaSyn TGR (TentaGel) resin modified with Rk linker (170 mesh; 0.25
mmol/g), aspartic acid (Fmoc-Asp(t-butyl ester (¥BOH), 2-(1H-Benzotriazole-1-yl)-
1,1,3,3-tetramethyluronium tetrafluoroborate, antlydiroxybenzotriazole (98%) were
used as received from Novabiochem. Tacky Dot slidere purchased from SPI
supplies (2388). Stock solutions of 1000 pg mCd™ and Nf* (Acros) atomic
absorption standards in 4% HM@ere used to prepare the loading solutions for the
various metal binding experiments. ForrCand Md"* (J.T. Baker), the loading solutions
were prepared from standardized solutions of tlagest grade nitrate salt in 1% (v/v)
HNO; and 1% (v/iv) HCI. A 0.2 mol t (N-[hydroxyethyl]piperazine-N'-[2-
ethanesulfonic acid]) (HEPES) (Aldrich) buffer warepared and purified by passing the
buffer through a 100-200 mesh Chelex 100 (Bio-Riad) exchange column. Other
reagents used included nitric acid (Sigma); trithaxetic acid (TFA) (99%),
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triethylsilane (99%) (Acros); methanol, dichloroimate (DCM), N-methylmorpholine
(NMM) (Fisher); piperidine (99%) (Aldrich).

5.2.2. Peptide synthesis and characterization

All immobilized peptides were synthesized by Fmoligsphase peptide synthesis
(SPPS) using a Ranin Symphony Quartet automatetidpegynthesizer. Peptides were
synthesized on TentaGel resin consisting of 94%takeel TG and 6% TentaGel TGR
(which contains a cleavable Rink linker). For @dptides synthesized, each amino acid
coupling reaction was performed twice. TentaGehmsideal resin for both peptide
synthesis and continuous flow studies becausedlisminimallyin various solvents, yet
has good transport through its cross-linked interio

At the end of each synthesis, the resin was rimgddmethanol and DCM. The
protecting groups on each amino acid were thervetbaising 0.5 mL of triethylsilane
and 0.5 mL of DI water in 20 mL TFA. The filtrateas collected using suction filtration
and precipitated with cold ether. The peptidesemeénsed and centrifuged and then
dissolved in 5 mL of DI water, froze with liquid,Mdnd lyophilized. The 6% of cleavable
peptide was analyzed for purity using mass speatgm The filtered resin was rinsed
with methanol and DCM; then dried (3 h) using aesp&ac concentrator (Savant)

connected to a cold trap (Heto) (-2€3 that was held under vacuum.

5.2.3. Atomic absorption and metal binding experimets

A Varian FAAS (model AA-875) with an acetylene/dlame was used to
characterize the metal-binding peptides. Hollowhcde lamps were operated at the
manufacturer recommended currents. Wavelength€domi, Cd and Mg were 240.7,
232.0, 228.8 and 285.2 nm, respectively, and wegeduin conjunction with a

monochromator bandpass of 0.2 nm for Co and Ni,Ga&ehm for Cd and Mg.
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Solution was pumped through the system to the FAA®g an eight-roller
peristaltic pump (Manostat Carter 4/8 cassette pu®6 mm i.d. PTFE tubing and
connectors, and columns (3 mm x 25 mm fitted wit® um PTFE frits) (Omnifit). A
Kel-F tee was placed after the column and immelyiate front of the nebulizer to
minimize the noise level by providing air compermatfor the “solution starved”
nebulizer. Approximately 0.01 g of dry resin waacked into the columns, filling
approximately 20% of the column. The remainingddspace was loosely packed with
glass wool. The glass wool had no discernableIrbatding capacity for the metals used
in this study.

The analysis system above was utilized in the nietaling studies after a 15 min
warm-up of pumps, tubing and lamps. Before bindrpgeriments were performed, the
columns were conditioned by passing 20 mL of 0.1 bibHNO; followed by 4 mL of
0.02 mol * HEPES buffer (pH 7.0). Metal solutions were thexsged through the
columns and monitored by FAAS. A 20 pg ™kolution of a particular metal (Kj
Cd?*, Co* or Mg?") in 0.02 mol [* HEPES buffer (pH 7.0) was passed through each
column at 2 mL mift (or a linear velocity of 11 + 2 cmi’s until breakthrough was
reached (i.e., when the FAAS absorbance signalnbeaonstant and indicated that the
effluent concentration had reached the influentceotration). After breakthrough,
HEPES buffer was passed through the columns at 1mim for ~1 min to remove
metal-containing solution from the column dead woduand line tubing. A small volume
of buffer was used to inhibit the removal of meialind to weak sites. A 0.1 mol'L
HNO; solution was then passed through the column at 2nin™ to strip the metal from
the column. The solution was collected in a voltrioeflask for subsequent “strip

analysis” via FAAS. Acidified standards, which wearot retained by the column, were
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passed through the system to construct a caliloratiove. Capacity values for the single
metal studies were determined using strip datavanfied with the breakthrough data.
Transient Ni* strip profiles were also examined. Columns weesled with 20
mL of a 0.50 pg mtt Ni** solution, exposed to one dead volume of HEPESebutf
remove excess metal solution, and then strippeld @it mol L of nitric acid into the
FAAS. These experiments were carried out usirlg\a fate of 1 mL mift to minimize
the impact of mass transport and better reflededihces in equilibrium-governed rates

of release.

5.2.4. Determination of conditional stability constnts

A GBC Scientific (Hampshire, IL) Optimass 8000 iwctluely coupled plasma
orthogonal acceleration time-of-flight mass speuiter (ICP-TOFMS) was used to
rerun the initial baseline region (0-5 pg Wlof each breakthrough curve to improve the
detection limits in this region and better defihe stronger binding sites. Breakthrough
curve data was collected at 2.0 Hz for the atorbsogption measurements and 0.25 Hz
for the ICP-MS. Duplicate data sets were averagetithe final data set combined the
ICP-MS data from 0-5 pg mtwith the AA data from 5-20 pg miL The binding
isotherms were created from this final breakthroagtve data. Regularized regression
analysis was used to determine conditional stgbilitnstants. The QUASI program
was used to perform calculations on the bindingheans created from the single metal
breakthrough curves. The atomic absorption brealtth curve data were smoothed
using Savitzky-Golay least squares smoothing reutith a 50 point window (Origin).

The QUASI parameters used were reported previdusly.
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5.2.5. Raman microscopy and peptide conformationatudies

Measurements were made with an InVia Reflex Rama&rdgcope (Renishaw)
using a 785 nm high power diode laser (Renishawi &i 50x microscope objective
(N.A. = 0.75) and a CCD detector. The instrumeass vealibrated using an internal
silicon standard (521 ch). Each spectrum was obtained using a dynamic &maB
accumulations at 30 s each at 50% laser intensity MW). In the case of bound?Ni
15 accumulations were collected using a static s¢&@® s each with a laser intensity of
10% (23 mW) due to absorption at 785 nm by th&-Neptide complex.

Resin beads prepared for Raman analysis were pank@dnicrocolumns and
exposed to one of three conditions: 0.1 MAOIHNO;, 0.02 mol [* HEPES buffer (pH
7.0), or 20 pg mtl of metal (Nf*, Cd*, Co** or Mg?") in 0.02 mol L HEPES buffer
(pH 7.0). After exposure, the wet beads were plam®o both silicon wafers and glass
microscope slides. The silicon wafer allowed mialirepectral interference above 1000
cm? and the glass microscope slide allowed minimatspkinterference below 1000
cm™. All Raman experiments were completed in duptiGatd a new bead was used for
each analysis ensuring minimal solvent evaporagiod thermal degradation from the
laser. Additional experiments were done to monik@ Raman spectrum at 1, 2, 3, 4,
and 5 accumulations which ensured minimal changthénresin-peptide environment
caused by laser exposure during data collectiomm phnounced spectral differences
from bead-to-bead were also observed. All Rama&atsp were baseline corrected and
normalized to a peak inherent to the resin (621" @m1183 crit) using Origin7. The
TentaGel spectrum was then subtracted from eacha®Geh + peptide spectrum, except
the amide | region, to isolate the peptide spectrum

Beads from each peptide bead set were shaken draokgdot slide and exposed
to one of three conditions for 24 hrs: 0.1 mdlHNOs, 0.02 mol [* HEPES buffer (pH
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7.0), or 20 pg mtl of metal (Nf*, Cd*, Co** or Mg?™) in 0.02 mol L HEPES buffer
(pH 7.0). Bead images from the Raman microscope waved and the bead diameters

were measured.

5.3. RESULTS AND DISCUSSION

5.3.1. Peptide sequences examined

For this study, PLAsp was examined since it is ohehe more widely used
biohomopolymers for metals remediation. The taopetins lengths synthesized included
a short-peptide (n = 6), a mid-range peptide (n0F that could form more easily
structures such as-helix, and a longer peptide similar to those aldé from major
manufacturers (n = 50). The 6% TentaGel TGR resied in each peptide synthesis
allowed for the peptide on those beads to be ctbawel used for characterization via
electrospray ionization mass spectrometry. Thesnsgectrum of the 6-mer peptide
showed close to 100% of the peptide was of theesidue form. The mass spectrum of
the 20-mer peptide showed that the peptide was 20%er, 40% 19-mer, and 20% 18-
mer assuming minimal changes in the ionizationcedfficy. Multiple attempts were
made to characterize the 50-mer via ESI-Q-MS andLBIATOF-MS, but were
unsuccessful possibly due to the highly acidic reatf the peptide which was also a
problem during the 20-mer characterization. Asahernative, the Raman peak area of
the amide | band under neutral conditions was tgegbtimate the length of the longer
peptide. Since each peptide spectra producedasipéaks in each peptide backbone
region, we assumed the confirmation (i.e., compwsibf secondary structure) was
similar for each peptide. The peak areas of thee6-and 20-mer were used for

calibration and resulted in a roughly estimatedtigeplength for the longer peptide of
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approximately 30 residues per chain, however tkisyl incorporates a distribution of
varying peptide lengths. The longer peptide wasmicantly shorter than the target
peptide, which is not surprising since long pemidee often more of a challenge to
synthesize, especially those with bulky and chafgadtional groups. A second attempt

to synthesize the 50-mer peptide yielded similaults.
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5.3.2. Metal binding studies

The Md¢*, Co**, Cdf*, and Nf* metal capacities were determined for PLAsp of
chain lengths 6, 20, and 30 (Table 5.1.). The himtaling trends for each peptide were
Ni®*> Cd™* > Cdf* > Mg?* for Tpg, Ni**> Cd* > Ca™* > Mg for Tp,,, and C4*> Ni**>
Co** > Mg™ for Tpy, However, the difference in the extremes in cijacfor the test

metals was always <27% of the average capacitiesfo Tp,, and Toy, The variation

is consistent with that seen in other studies oA$Limmobilized to solid supports,

however, the capacity values are much greater duthd increased peptide loading

density of TentaGét'®**" The metal binding capacities of,Twere similar to those

seen in previous studfefor Tepg With some variation perhaps due to the differesirr

batches used.

Table 5.1.  Metal binding capacities of MgCd**, Cf*, and Nf* to PLAsp on
TentaGel resifi.

TDG TD20 TD300
Metal
(umoles/g of resin)| (umoles/g of resin)| (umoles/g of resin)
Mg** 530 + 20 1650 * 60 3090 + 20
Co™ 560 + 30 1820 + 70 3300 * 200
(ofs il 550 + 10 1960 * 10 3710 £ 60
Ni2* 590 + 20 2160 + 70 3400 + 80

°All measurements were made in triplicate. Met&lsons (20 ug mtt Ni2+, C02+, Cd2+,

or Mg2+ at pH 7) were passed through the column at 2 mh:miT=TentaGel resin,
D=aspartic acid.

PAlthough this peptide was synthesized to a be PLgsp 50), Raman microscopy peak
measurements indicated that the synthesis was pletarresulting in PLAsp (n ~ 30).

99



As noted above, all three peptides showed littlectwity between the metals
tested. This is not surprising since each meta t@ated separately (i.e., in the absence
of other competing metals). Although the metaldbig capacities are of the same
magnitude for a particular PLAsp chain length, bireding strengths between metals may
be very different. The overall selectivity of teesmaterials often depends on the multi-
metal mixture used for the experiment. This wamalestrated previously by comparing
the selectivity of PLAsp using single metal solncand multi-metal solutiorfs:** For
this study, however, it was important to look oalysingle metal solutions to isolate the
interactions of the peptide with each metal ofriesé

Due to rapid binding of the peptide and good memssfer within the resifithe
progression of Ni and C&" binding to the peptide was evident as a greerirdr Ipand
moved slowly down the column during FI loading.pfdes immobilized to CPG, on the
other hand, exhibit slower increases in capacigy umass transfer limitatiofisMetal
to residue ratios were calculated foy;,TTp,, and To;,and resulted in one metal per 2-3
aspartic acid residues for all four metals teshelicating that most aspartic acid residues
participate in metal binding. According to Ritche¢ al., 2-3 residues per metal may
indicate a primarily ion-exchange metal sorptiorchamism**

It was surprising, however, that the longer pemtid&,, and To;,, had high
metal-to-residue ratios. Unlike shorter peptidésyas previously hypothesized that
longer peptides are able to form complex tertidryctures rendering a large percent of
binding residues inaccessible for metal bindihf. Previous studies of PLAsp (n = 50-
80) immobilized onto CPG showed that oné"Niation was bound for every 160 aspartic
acid residue$, while studies with polycysteine (PLCys) on CP@whd that one Ci
cation was bound per every 20 cysteine residuestomic force microscopy (AFM)

studies of PLCys immobilized on glass slides predidmore evidence on the
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conformational changes of longer peptides duringahtginding and releasé. The use
of TentaGel as a resin for peptide synthesis aneéekchange support seems to influence
the peptide binding to yield its own unique prost This may be due to the peptide
density, in addition to the spatial positioning edch peptide within the lightly cross-
linked resin structure. This may limit the pept&dmobility and ability to form complex
tertiary and secondary structures within the resatrix. High metal per residue binding,
however, has been seen on other types of suppeotsexample, Johnson and Holcombe
reported the binding of one &dper four cysteine residues for PLCys immobilizecat
glassy carbon disc electrdfle Bhattacharyya and coworkers observed even greate
binding on the order of 2 metals per residue foA8§l and PLGIu immobilized on
porous membranes where they attribute this higldibgnto counterion condensation,
caused by a superposition of electric field chargessent on closely packed and
extended polyelectrolyes->41°

The resin with longer PLAsp cha ins;,J and Tp,,, exhibited shrinkage when the
pH was lowered, due to the larger peptide mass camfiormational changes of the
peptide. When exposed to acid for metal extractibe resin material shrunk by about

6% of the packed column length fop,J, and about 15% for g, as measured from

microscope images taken using the Raman microscope.resin returned to its original
volume when exposed to a neutral buffer. o, Tdoes not show these physical
characteristics possibly due to the smaller magepfide attached to the resin.

The ability of the peptide immobilized resin toeaée metals in the presence in
acid was determined using®i Only 10pg of Ni** was loaded onto each column to
ensure binding to primarily the strong sites offeaomobilized peptide. Acid was then
introduced into the column to strip off the metaldathe absorption signal from the

column effluent was monitored. The peak base wadtB0% area of the stripped peak
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was approximately 25 s (ca. 0.4 mL) fogsTand Tp,, and 35 s (ca. 0.6 mL) forp],.

Interestingly, Ni* release from g,, took 10 s longer than release from the other

peptides. The longer release time is perhapsectkat slower metal diffusion out of the

beads with a greater peptide density.

5.3.3. Determination of conditional stability constints

Although the binding capacity of each peptide imitioéd resin was similar
between metals, it was of interest to compare théitg strengths. Conditional stability

constants were determined for all three immobilipegtides and all four metals (Table

5.2.). Interestingly, the shortest peptidgg, Tpossessed larger stability constants for all
four metals tested compared to the longer peptidése strongest binding sites ofl
(log K 7.0) were for Ni" and Cd*. The slightly longer peptide,],, showed a large

decrease in all the metal stability constants coetpavith Tos. The lengthening of the

peptide from 20 to 30 residues resulted in sultienges in the stability constants and
site distribution.

Large stability constants for the smaller pepticeyrne due to fewer steric effects
within the resin matrix allowing each peptide chwnconform in a manner that is very
favorable for metal binding with minimal peptidegaggation. With longer peptides, the
chains may become aggregated and sterically cahfma conformation which does not
produce the strongest metal-peptide interactiofkhough the longer chains of PLAsp
do not lose binding capacity due to length, theyhdwe weaker binding for the metals
tested. Compared to the immobilization on pordas€)’***’and carboff, longer chain
peptides have higher capacity, but lack some obtranger binding sites (log K 8) on

TentaGel resin.
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Table 5.2. Conditional stability constahémd total number of sites (umole/g of resin)
of Tpg Tpyg and Ty, With four metals.

Peptide| Mg** Ni2* Co? o il

Log K Sites Log K Sites Log K Sites Log K Sites

Tog 3.4 20 3.1 300 3.6 500 4.3 230
4.0 190 4.8 260 6.6 360 7.0 360

6.0 330 7.0 340

Tbyo 2.8 770 3.2 1200 2.5 1300 3.2 1200

4.7 1400 5.1 1600 4.7 1700 5.1 1600

TDgob 4.1 3400 3.0 2200 3.4 2400 3.3 2500

4.7 2700 4.9 2200 4.9 2200

%/alues were calculated from binding isotherms usiegQUASI program.

PAlthough this peptide was synthesized to a be PLgsp 50), Raman microscopy peak
area measurements indicated that the synthesiswa@®plete resulting in PLASp

(n = 30).
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5.3.4. Peptide conformational studies using Raman igfoscopy

Raman microscopy was used to look at secondargtstel changes of each
peptide on TentaGel resin. The utility of Ramaactmscopy for monitoring the peptide
structure of resin bound peptides has been preyiadsmonstrated by Nielson and
coworkers for examining the synthesis problems ofyganine (n = 1-103%
Depending on the peptide environment (i.e., hydnogending and rotational angles
and ¢), Raman bands will shift, thus allowing determioat of protein secondary
structures such ashelices $-sheets, and random chafii$! The three regions typically
monitored are the amide | (ca. 1640-1680'gnamide Il (ca. 1225-1300 ¢t and C-C
(ca. 880-1000 ci) band, all of which pertain to the peptide baclk&orf® Raman
spectroscopy is particularly useful for observirgpiides in aqueous environments as
water is a very weak Raman scatterer and doeypigttly interfere with peptide bands.

The Raman spectra of TentaGel resin both dry aralenwis shown in Figure
5.1. Distinct changes in the spectra were obsehwtveen a dry bead from the
manufacturer and a bead allowed to swell in eitrganic or aqueous solution. Once
swollen, the conformation of the polymeric mateghbnges and does not revert to the
original form either by drying under Nr by speed vac drying with a cold trap. These
spectral differences are similar to that seen lslddn and coworkers between TentaGel
and TentaGel + HMPA linké’ The differences seen in their spectra may beagiiyn

due to swelling of the resin in solution and lesthe addition of HMPA.
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Figure 5.1. Raman Spectra of dry TentaGel resim fmanufacturer (bottom) and after
solvent exposure (top). Two spectra of each satypkwere collected and
each spectrum was collected on a new bead.

5.34.1. Amidel Region
Figure 5.2. shows the amide | region for each rbsind peptide under various
conditions. The results from only €dare shown since M§ Cd&*, Ni** and Cd"

showed similar Raman bands (i.e., secondary stejctn this region. Previous studies
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by Yamoaka and Masujima using optical rotary disjger (ORD) also observed no
discernable changes between the secondary struofume similar peptide, poly-L-
glutamate, PLGIlu, n = 700, with Niand Cd**" Each spectrum in Figure 5.2. shows a

broad peak spanning most of the amide | region 16215 cnT) except under acidic

conditions. A broad band peak at approximatelyOl68i* was seen for J,, Tps, and
Tpe. There were no noticeable differences betweenptimides and the metal bound
peptides at pH = 7.0.

These broad bands indicate various peptide secpstiarctures due to the wide
distribution of the rotational anglesand.>2® Similar broad bands have been observed
for the ionized form of PLAsp in soluti6hand the solid-state form of Na-PLGIu The
spectrum of T, resembled that of polyalanine (n=2&3) immobilizexl TentaGel resin,
including also the shift downfield when the chaimswlengthenéd The minimal
structural changes may be responsible for the dsetemetal binding strengths (logsK
7) on these resins. Although amide | peak broadgerand sharpening have been
previously observed for PLGlu with salts of %GaSr*, B&*, and N&*° minimal
differences were observed between “MgCc*, Ni**, and Cd" bound to resin

immobilized PLAsp which may be a result of the memsnvironment.
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Raman Intensity

1750 1700 1650
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Figure 5.2. Raman spectra (amide | region) of PL&gphesized on TentaGel resin for
Toe Toye @nd Ty, The solution conditions in each set are pH 7 B&EP
buffer (bottom spectrum), 20 pg MICd in HEPES buffer (middle
spectrum), and 0.1 mol'LtHNO; (top spectrum). ds Ty @nd Ty have
different intensity scales. The dotted line isiposed to assist in viewing
the relative peak positions. The secondary stradtacations from left to
right (1700 -1600 ci) arep-turns,B-sheets, random chain, aaehelicies.

107



The most striking change in the amide | band is seleen the peptide is exposed

to acid (i.e., metal release). The large peak7@dlcm’ for the acidic peptide identified

the carboxylic acid of the side chain, confirmirgdification of the peptidé’ For Tp,,

and Tp,, the amide | band narrows and splits into twoiniistbands. The more intense

band at 1666 cthis typically assigned to frsheet structure and the smaller band at 1630
cm? is typically assigned to arhelix structur€>?® Solution studies of PLAsp (n = 120)
also showed bands at 1670 and 1638 enpH 4.7 and were assigned to antipargiel
sheet andi-helix structures; however, thehelix was found to be the dominant form at
pH 4.7

In the case of d,, and Tp,, the peptides preferentially reach a “free energy
minimum” B-sheet structure due to fewer electrostatic repntsiwhen the carboxylate
side groups are protonated. The antipardllsheet structure, in particular, may be
favored for these peptides. These results areoimrast various PLAsp solution
studie$®**? and to AFM studies of PLCys (n = 50) immobilized a glass slid&
Many studies of PLAsp in solution report helix/catbnformations to be dominant at
lower pH'’s although somp-sheet structure may be present. In the PLCys/studias
suggested that the immobilized peptide was in aigisg-sheet/extended random coil
structure at pH=7.0, changed to a random coil \thih addition of metal, and changed
once again to primarily-helices upon acidification (i.e., metal releaseh both this
study and the PLCys study, however, metal releaa® shhown to occur not only by
proton displacement, but also from secondary siracthanges that spoil the metal
binding cavity. The choice of support media coultimately decide which secondary
structures are dominant and how metal is releaSdds may be a result of the peptide

density and relative position of neighboring peptithains on a particular support.
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Tpg Shows little variation under the different conaolits retaining a primarily
mixed conformation. It is interesting thag,Idoes not form the same structure as,T

and Tp;, during acidification. A six residue peptide isiited to the formation of ca. one

turn of ana-helix per chain, which may make this structureawofable. The formation
of B-sheet structures may also be difficult for therstrgpeptide if the adjacent chains are

not in close enough proximity to form these moghhy ordered structures.

5.3.4.2. Amidell Region

Typically, the use of one amide band to determieptide/protein secondary
structure can be unreliable as there are alwaysptxnis and region overlap. Thus, it is
important to look at the three distinct peptidekimme regions to verify the assignments
made. Figure 5.3. shows the amide Il region faheaesin bound peptide. Only the
results from C8 are shown as all metals tested showed similar Ramaads in this
region. Again, all peptides under neutral pH ctinds with and without metal showed

minimal differences with the broad peaks extendiogn 1230-1260 ci indicating the

presence of multiple peptide conformations. Indhse of the Cd bound form of B0

and T, two broad peaks start to appear at 1222 and a0
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Figure 5.3. Raman spectra (amide Il region) oAgl.synthesized on TentaGel resin.
(See caption from Figure 2) The secondary stradagations from left to

right (1335 -1225 ci) arep-turns,f-sheets, random chain, aachelicies.

In acid, the amide Il peaks became narrower, tH& " peak shifted to 1229

cm™ and a small distinct peak at 1292 temerged with §,, and T, These changes

indicate a conversion from a mixed conformatiopredominantly3-sheets with some-
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helices, which agree with conclusion reached frasigmments made for the amide |
region in this study.
The region from 1354-1308 ¢hhas been assigned to side chain, ®#bsting and

wagging mode$&>**** Again, Tp, shows little variation under the different conaiits,

which suggests retention of a mixed conformation.

5.3.4.3. C-C Region

The last region monitored for secondary structues whe C-C backbone region
(Figure 5.4.). In this region, there are also lsaassociated with the C-C bonds of the
side chain moiety. These bands sometimes intevfigire the C-C backbone bands and

often make assignments in this region difficult.
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Figure 5.4. Raman spectra (C-C region) of PLAgjpl®esized on TentaGel resin. (See
caption from Figure 2). The secondary structucations from left to right
(1000 -880 cnt) arep-turns,B-sheets, random chain, aaehelicies.
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Peaks between 847 and 902 tiior all spectra were assigned to the rocking
mode for the side chain GHgroups as seen previously with PLGIlu, PLAsp, and
PLLys28333% peaks at 982 chfor the neutral peptides may indicate a small amhof
random coil formation as seen in previous Ramadissuwith PLAsP® contributing to
the mixed conformation as observed in the amidensg Without metal, each peptide
under neutral pH conditions had peaks at 982 aBdc@8". For the C&" bound peptide,
the peak at 936 chshifted to 950 cr. Earlier solution studies of PLGIu by Koenig and
Frushour showed a peak shift from 930 to 950" ewmen the pH was changed gradually
from 5 to 11 postulating that this band is paréelyl sensitive to the degree of
ionization® In this study, the same observations were mattemétal introduction and,
in particular, with the species of metal which viaé discussed later in more detalil.

Similarly, the peak at 950 chrontinues to shift toward 920 ¢has Tp,, and T,
are acidified. Although this shift is more extref@an that observed by Koenig and
Frushour, the conditions used in this study areenamidic, viz., pH = 1.3. The peak at
920 cm® under acidic conditions was assigned to the bawkb6-C a-helix band,
consistent with assignments made in the literaforePLAsp and PLGIF*** Also
observed was a sharp peak at 970" dor acidic To,e and Toyy Which was similar to a
peak seen at 965 ¢hfor the antiparallep-sheet conformation of PLGIu and absent for
the parallelg-sheet conformatioft. These assignments agree with those made for the
amide | and Il regions. The peaks associated thighacid form of |, again indicated
that this peptide does not undergo significant gearin secondary structures when metal
is released.

As mentioned earlier, the peptide C-C band wasisea to the metal species

bound. This may be related to the degree of idioizaf the side chain as seen in other

studies’™* Figure 5.5. showsgk, under different conditions including complexingatio
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four metals. In this region, peak shifts due te mhetal were identical forgf, Tp,, and

Tposo

Raman Intensity

990 960 930 900 870 840

Wavenumber (cni')

Figure 5.5. Raman spectra (C-C region) gf, hifter exposure to 0.1 mol'tHNQ;, 20
ng mL* Ni#*, cdf*, €, or Mg in HEPES, and pH 7 HEPES buffer. The
TentaGel resin spectrum was subtracted from easttrspn. Two spectra
of each sample type were collected and each speetas collected on a
new bead. In this figure, the spectrad NCd™*, Cd*, and Mg"* bound to
the peptide is identical to that seen feg &nd To,,,

Depending on the identity of the metal bound, thgian between 950 and 935
cm™ changes. The peak shifts from 950 fo Tmbund peptide to 942 ¢hwhen Md*
is bound and loses intensity when?Nand C&" are bound. The figure also shows a

slight negative dip for Ni and CG&" at 850 crit where the TentaGel resin intensity
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decreased.These metals may be interacting with the resin wiamnd to the peptide.
Interestingly, the resin itself has been shownaweemegligible binding to these particular
metals® Previous studies with 8-hydroxyquinoline (8HQjand the cation exchanger
Dowex 50W-X16%° also showed metal induced changes in the Ramasirspeof the
chelating material and alluded to using Raman moang of the metal complex for
remediation applications. The Raman specificitydiffierent metals bound to PLAsp in
the C-C region could also allow for the identifioat of metal binding species andiar

situ monitoring of these materiatkiring metal clean-up.

5.4. CONCLUSIONS

This study demonstrates how the metal binding atelase characteristics of an
immobilized peptide, such as PLAsp, can be alterngil judicious choice of chain length
and support material. In contrast to rigid suppoeaterials, the confined space within the
resin along with the spatial distribution of attamnt groups allow for most residues to
participate in metal binding regardless of peplatgyth, resulting in relatively high metal
capacities. However, the dense packing of thedomqgptide chains within the resin
voids may decrease their mobility and result inoaerall loss of strong binding sites
when synthesized on these supports. In additi@talntelease is slower and likely a
result of the increased packing density slowingaingiffusion out of the resin. The use
of larger sized resins, yet with similar loadingpaeities, may increase the binding
strength and release times of these longer pegtidi|s.

Raman microscopy probing of individual resin beaplgears to be a useful tool to
evaluate the peptide secondary structures durirtglrbgding and release. Addition of
metal to each fully ionized peptide did not inflaenthe peptide secondary structure.

Raman shifts as a result of acidification (i.e.aheelease) of the longer peptides (n = 20
11t



& 30) occurred via two processes, proton displacgraad a secondary structure change
to B-sheets andi-helices, which spoiled the metal binding cavitinterestingly, these
structural changes were not observed for the shpdptide (n = 6) on TentaGel resin

which may indicate increased mobility and lessistestraint for this peptide.
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Chapter 6: Quantitative Determination of Single Bad Metal Content
from a Peptide Combinatorial Library Using ETV-ICP- MS

6.1. INTRODUCTION

The use of combinatorial libraries has allowed #healuation of numerous
variations to a chemical system in a shortened atmai time. Combinatorial
approaches have been utilized in many fields innaatalysis;? chiral separation,
drug discovery;® and inorganic material synthe§iS.In all approaches, one challenge is
finding suitable ways to screen thousands of b&adbtain the desired information.

One recent area of growth is the use of peptide bawatorial libraries for
identifying selective metal chelatdts.In these libraries, one approach is to design or
optimize the composition of a short, metal bindpeptide based on information from a
larger protein (such as a metallothiorfgin One objective is to simplify the chelator
without losing metal binding capacity or specifigiand in some instances perhaps even
increasing selectivity. This is done using libeariwhere specific amino acid positions
along the peptide chain can be varied to increasetane metal binding capacity and

specificity. There are many advantages to thisrcagh' >

including the design
flexibility provided by 26 naturally occurring angracid building blocks as well as the
ease of peptide library synthesis. Beads withdb&ired metal binding properties can
then be sequenced using methods such as Edmarddignaand mass spectrometry.
Screening beads from a combinatorial library fortaheontent has previously
been achieved through colorimetric or fluoresceygsdcomplexing with the metal of

213 or by observing color changes due to metal-peptimfaplexation itself>

interes
Although non-destructive, these approaches arellagualitative and are usually limited
to the analysis of one metal at a time. Non-destre techniques are mandatory for later

determination of peptide sequences. For metal detien and reclamation, determining
12C



how well a chelator selects for or discriminatesiast particular species is often
important and obtained through examining the bigadihmultiple metals simultaneously.
Energy-dispersive X-ray spectroscopy (EDS) on asicg electron microscope (SEM)
has been previously used for multi-elemental amalga single beads; however, beads
must be initially flattened and then coated witbcaductive material before analy4fs.
Recently, Havrilla and coworkers have used micrayfluorescence (MXRF) for both
bulk and selective metal screening of beads expdsethetal solutiond”*® This
approach involves minimal sample preparation, is-destructive, and also capable of
simultaneous multi-elemental screening of singladse The relative metal composition
is determined from point scans and/or elementalgintaon the surface of the bead.
Although this technique provides relative metal teah at particular points within the
bead, absolute metal content is more difficultitam®’

In the current study, electrothermal vaporizatioduictively coupled plasma mass
spectrometry (ETV-ICP-MS) is used for the simultaune quantitative determination of
several metals extracted into solution from a sirgtad for purposes of characterizing
binding properties of the peptide immobilized oe tiead. The ETV exhibits excellent
sensitivity (e.g., sub-picogram or part per triflidetection limits) and is ideally suited for
use with very small sample volumesl(Q pL). The mass analyzer used was a time-of-
flight (TOF) system. The TOF mass analyzer alléovanulti-elemental analysis with no

loss in analytical duty cycle as the number of rtanedd masses increasgs.
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6.2. MATERIALS AND METHODS

6.2.1. Chemicals

All chemicals were reagent grade unless otherwtgedy and deionized distilled
water was used to prepare solutions. All glasswamd plasticware were soaked
overnight in 4 mol [} HNO; prior to use. The synthesis procedure for polge&pacid
(PLAsp; n = 20) was similar to that previously désed® and characterization using
mass spectrometry showed the peptide was compdséte 20 residue form, 40% 19
residue form, and 20% 18 residue. The combindtdbsary (CPC Scientific) was
composed of the sequence GXXGXXGXXGXX (X = cysteiagpartic acid, or glutamic
acid; G = glycine) and synthesized onto TentaGetglaeads (Rapp-Polymere MB 250
002) resin (60 mesh; 0.25 mmoll)g Microwell plates (96 wells; 300 pL) were
purchased from Fisher Scientific (21-377-203), athe sheets used to cover the wells
were purchased from Nunc (236366), and Tacky Dideslwere purchased from SPI
supplies (2388). Stock solutions of 1000 ugh@td* , Ni?*, and EG* (Acros) and P%,
In**, CU*, and Mrf* (SCP Science) standards in 2 and 4% HM@re used to prepare
both the multi-metal binding solution and the mufiétal standards. Fttg®, the metal
solutions were prepared from a standardized saolwfdhe reagent grade nitrate salt (J.T.
Baker) in 1% (v/v) HN@and 1% (v/v) HCI. A 0.2 mol t ammonium acetate (Aldrich)
and 0.2 mol [ (N-[Hydroxyethyl]piperazine-N'-[2-ethanesulfoniccid]) (HEPES)
(Acros) buffer were prepared and purified by pagsive buffer through a 100-200 mesh
Chelex 100 (Bio-Rad) ion exchange column. Thestlsevere selected to demonstrate
the multi-metal capability of this technique. Homis studies have shown that many of
these metals should preferentially bind while atheave no affinity for the amino acids

selected Ar was used for the ICP and sweep gas (PraxaistiA, TX). Other reagents
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used included nitric acid (70%, redistilled 99.999%igma); and DL-1,4-dithiothreitol
(99%) (DTT) (Acros).

6.2.2. Metal Binding and Extraction

Prior to metal binding, the combinatorial librargduls were exposed to 0.02 mol
L2DTT in 0.02 mol [* of HEPES buffer (pH 8.0) in order to reduce disidfbonds that
may have formed between cysteine groups. The Dilltien was deaerated with,N
prior to use and the reaction was allowed to proecewler constant mixing for 1 h. For
both bead sets, approximately 50 beads were add2d mL of a deaerated multi-metal
solution composed of 20 pg MMg?*, Mn?*, Ni?*, C#*, Cf*, E*, and PB" in 0.02
mol L™t ammonium acetate buffer (pH 7.0). The reactiontimh was allowed to react
under constant mixing for 2 h. The beads were@udiltered (no rinse) and dried under
N2(g) overnight. The beads were then shaken ontackyl Dot slide for stereoscope
measurements. Using microtweezers, individual $eeete selected randomly from the
Tacky Dot slide and placed into individual wellseaining 100 ng pt In in 250 pL of
0.1 mol L* of nitric acid. Indium was used as an internahgtard in the ETV-ICP-MS to
correct for solvent evaporation as well as autosamgriation. The acid solution from
wells exposed only to the microtweezers which wedaeed in the sticky substance of the
Tacky Dot slide was used for blank measurementsce@ill the beads were placed into
the wells, the wells were covered with a sealingestl’e sheet. The beads were soaked
in acid for 2 h with 15 min on/off sonication cymlj. After 2 h, 100 pL of the metal
extract was transferred from the well into autosi@mpgups for elemental analysis.
Multi-metal standards were prepared with 100 ng i in 250 pL of 0.1 mol 1 of
nitric acid. For oxygen ashing experiments, tla@dards were rerun under the new ETV

parameters (described under ETV-ICP-MS). After oeimg the nitric acid solution,
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water (150 pL) was added to each well containihgad and each bead was pipetted up

with ~100 pL of water and deposited into the ETVdtamental analysis.
6.2.3. Stereoscope measurements

An Olympus (SZX12) Stereoscope was used to obtaiages of the beads
arrayed on a Tacky Dot slide. Slide sections Waibeled for easy identification of the
bead regions. Immediately after a bead image aesds an image of a stage micrometer
(3 mm long with and subdivided into 10 um incremsgnivas taken at the same
magnification. These images were used to deterthi@eliameter of each bead prior to

acid extraction for adjusting the metal capaciigt respect to the bead volume.
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6.2.4. ETV-ICP-MS

Measurements were carried out on a Optimass 8affively coupled plasma
orthogonal acceleration time-of-flight mass speoeter (GBC Scientific; Hampshire,
IL). Operating parameters for the ICP-MS are dbsdrin Table 6.1. Calibration was
performed with the ETV prior to bead analysis usstgndard solutions containing the

ions of interest. Calibrations were retaken beforggen ashing experiments to account

for changes in sensitivity due to the altered EBvameters.

The ICP-MS was coupled to the ETV, a modified etgbiermal atomizer and

autosampler (Varian model GTA-95 ; Walnut Creek,)QhAat has been previously

described?.

Pyrolytically coated graphite tubes were used as vaporizer (Varian, part no.

Table 6.1. ICP Operating Parameters

Sample Gas Flow 1.15 L min
Plasma Gas Flow 10.0 L min
Auxiliary Gas Flow 0.90 L min
RF Generator Forward Power 700 W
Torch Position (x) 8.0 mm
Torch Position (y) 0.3 mm
Torch Position (z) -0.2 mm
Skimmer Potential -1,000 V
Extraction Lens -1,400 V
Pushout Plate 510V
Pushout Grid -540 V
Reflectron 580V
Detector 3,200V

Analytes (primary isotopes used

Z4Mg ben bBNi bJCu
114,Cd,208’Pb,lé3Eu '

Confirmation isotope
(where applicable)

Zng bUNi bbCu J.J.ch
o Sy

Each sample was measured in triplicate using plO injections.
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6310001200). A valve system was utilized to sepathe ETV from the ICP when
material was not being vaporized (i.e., during nigyand ashing cycles). During these
steps, the instrument’s sample gas flow was didedieectly into the torch. During
analyte vaporization, the valves were toggled sayds flow was directed through the
graphite tube to sweep analyte into the mass spreter. During this cycle, the dosing
hole of the graphite furnace was plugged by meé&aspmeumatically-activated graphite-
tipped plunger. This also triggered data collectio the Optimass 8000. Analyte was
carried to the ICP torch by 1 m of 6 mm i.d. Ty§dnbing. The ETV heating program
is described in Table 6.2.

Table 6.2. ETV heating program

Step Temperature (°C) | Ramp Time (s) Hold Time (s) Dosing Hole
Closed
Dry 100 5 10 No
Char 300 20 20 No
Pause 50 3 15 Yes
Vaporize 2,800 3 5 Yes *
Cool 50 14 0 Yes *
Clean 2,800 1.3 3 No
Cool 50 14 0 No

* Denotes mass spectrometry data collection.

For oxygen ashing studies, the drying step wasasgd to 60 s to accommodate
the increased sample volume of 100. During the oxygen ash step, air was used in
place of Ar, passing through the furnace at a ohtgpproximately 1.2 mL/min and the
ash temperature was set to 800 °C (viz., dull redaice appearance looking through
dosing hole) for 20 s. After ashing, the furna@swooled to room temperature with air
still flowing through the furnace. After a 10 s Mush, the ETV was heated to a

vaporization temperature of 2,800 °C and the sigokécted.
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6.3. RESULTS AND DISCUSSION

6.3.1. Metal determination from beads with immobilized PLAsp

In order to determine the precision of the ETV-IMB-method, beads containing
the same peptide sequence were analyzed. The detadsed for this study was
immobilized PLAsp (n = 20) which was reacted witlmalti-metal solution for 2 h as
described earlier. Depending on the peptide sesuand resin material used for the
analysis, careful determination of reaction timesgstnbe considered for equilibrium
conditions to be met. Based on the diffusion ofgdéa dye molecules through
TentaGef*** metal diffusion through TentaGel beads should pdoul5 min, and
earlier studies suggested rapid metal-peptide bindineticd’. After metal exposure
and drying, a light image of the beads was takengua stereoscope. All beads were
medium blue in color after metal binding indicatithgit each bead possessed the PLAsp
and some complexed metal(s). A set of 9 beadstalken from the slide after the

diameters were measured (Figure 6.1.). The beedged in size from 85 to 105 pm (x 2
pm).

®

200 um

o
o

Figure 6.1. Stereoscope image of PLAsp-Tentagaeldatier metal complexation.
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The concentration of metal in the extract solutitmm each bead is shown in
Figure 6.2. along with the bead volumes calculdteth the bead diameters. Well #5
mistakenly contained two beads (d = 90 and 98, 1), and thus the overall

concentration is close to double that of the valoghe other seven wells.

—&— Mn
—m— Ni
—A—Cu
—x—Cd
210+ —<—Eu 4 8.0x10"
—e—Pb
1804 -- X-- Bead Volume 4 7.0x10"
=) 4 6.0x10" =
8 1504 .0x é
2 , ©
= 45.0x10" £
8 120 =
— 4 O
g - 4.0x10 =
w904 go]
I 13.0x10° §
© m
60
= 4 2.0x10°
30 1 1.0x10*
*——%
O o o ¢ —0o
0 T T ? ? T T ? F 00

1 2 3 4 5 6 7 8
Well

Figure 6.2. Concentration of metal extracted frangle TentaGel-PLAsp beads and

calculated bead volumes (right axis). The erras bapresent + & (n = 3)
based on error propagated using the analysis eftbe sample, blank, and
calibration solutions. (Two beads were preseeill #5.)

The figure shows bead extract concentrations asa®w ng mL-1 for Mn2+ and

as high as 130 ng mL-1 for Cu2+, excluding well ¥ values were omitted from this
12¢



figure because they were not significantly detdetadbbove the blank levels. Acid
introduced into wells containing no bead were usedontrols and showed metal signals
near the detection limits, indicating that metahtemination from the microwell plate,
well cover adhesive and tweezers was negligiblesmall amount of Ni was observed,
possibly from the tweezers, but was only slighthpee the limit of detection. The bead-
to-bead variation in the average metal content igltively consistent (also see Table
6.3.), but there was an obvious binding selectivdy certain metals. As might be
expected, much of the metal concentration variatiofrigure 6.2. follows that of the

bead size.

Table 6.3. Bead-to-bead variation in metal extbefore and after adjusting for bead
volume? Poly-L-aspartate (n=20) was immobilized on thedsea

Element MAT | Ni?t | ckt | ¢ | P | EUV

Metal Extracted 29% 17% | 18% | 34%| 18%|  13%
(bead-to-bead RSIp

Metal Extracted/

Bead Volume
(bead-to-bead RS

& 9%RSD values were calculated from the average extmawentrations from seven beads. The metal
extract from Well #5 was not included due to thesgince of two beads giving a larger overall
concentration.

9% 14% 10% 13% 9% 16%
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Due to the variations in bead diameter, the metahet values from Figure 6.2.

were divided by the volume of the respective beadsalculate metal capacities. The

standard deviation in the bead diameters was 7%3®8), which resulted in a 21% RSD

in the volumes. When the metal capacities for ebehd are normalized by the

individual bead volume, a reduction in the beadhdad variation (9-16% RSD ) is

observed. (Figure 6.3. and Table 6.3.)

Metal concentration in bead gg/mm3)

Figure 6.3.

70+ l I —&— I\N/I.n
60 A ::: |
50- %\§\§/%/J\ / l\% ::: Eé
40- f\§/ — I}\%?;i} —e—Pb
30 %ié? >< ﬁ\T/

20

104 i/f\;/'&/ﬁ%\ii

ol T— o ¢+ *

Single bead metal extract concentrations of Tent&&Asp normalized to

the individual bead volumes. The error bars reggres 1o (n = 3) based
on error propagated using the analysis error os#mple, blank, and
calibration solutions. (Two beads were presemv/ail #5.)
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The more refractory nature of Ni and Eu may accdanthe somewhat poorer
precision between beads for these particular metas after volume adjustment. The
remaining error between capacity values is likeky tesult of measurement uncertainties
in the determination of individual bead capacities.

An attempt was made to identify the possible sairoé uncertainty when
determining the volume corrected metal capacityac$ingle bead. The sources of
indeterminate errors (i.e., precision) were: analysrror, variation in bead-to-bead
binding site density, and error in measuring thadbdiameter. The “analysis error”
included contributions from the bead extract meam@nt, blank measurement, and
calibration curve slope error; and excluded patdiameter measurement and bead-to-
bead variations in active site density. An intéstandard was used to minimize errors
caused by evaporation and sample introduction itite ETV. After volume
normalization of the bead set, the relative precish the capacity (i.e., pg/mincan be

represented by Eq. 6.1.
RSI:%apacity = \/RS[znalysis + RSI:zitedensity + 9RS[§wicrometer (61)

It should be noted that propagating the measureragor of the radius (or
diameter) to the bead volume vyields a volume ung@gt of 3*RSDhicrometer Error
propagation in Eq. 6.1. requires summing the sguafethe relative error, hence 9
RSDmicometer  Variations in the site density cannot be measdieectly; however, Eq.
6.1. can be used to determine if the BSRensityiS significant relative to the other RSDs
since they are known. Usingu2n asg for the micrometer stage error for a |98 bead
yields 6.1% for 3*RSRicrometer  Using pooled data for each element, Rafis was
determined to be Mn (3%), Ni (11%), Cu (4%), Cd%d2 Pb (4%) and Eu (10%).
Finally, the RSupaciywas arrived at from the experimental data for M%), Ni (13%),
Cu (7%), Cd (14%), Pb (7%) and Eu (12%). Using¢hdata, it is obvious that major
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uncertainties in site density are not required ¢ooant for the observed deviations in
capacity measurements. Additionally, it can be uded that analysis precision
dominates the uncertainty in the Ni, Cd, and Euwacadgs and that analysis and particle
diameter imprecision contribute significantly teethincertainty in the Mn, Cu, and Pb
capacities for these beads. The F-test (95% Qijirooed this conclusion, i.e., only
small error contributions arise from errors in det@ing the bead diameters and
negligible contribution comes from binding site diéy variations. Since no significant
error was caused by variation in bead-to-bead rdiffees in site density, all of the beads
observed had nearly the same density of active.siféhis observation is in agreement
with a previous study using confocal Raman micrpg@d but in disagreement with
diffusion studies of Rhodamine 6G through Tentd&el

To determine the amount of metal extracted by ttid aoaking procedure, a
selection from the PLAsp beads whose acid extradtlieen previously analyzed were
separately analyzed directly in the ETV. In thigdy, total consumption of the beads
was used to ensure that metal was extracted fremb#ads with acid. Total bead
consumption is not necessary if peptide sequensinggsired. After inserting the bead
and a small amount of solution into the ETV, theimematerial was removed by, O
ashing in the ETV at about 9D, and the remaining metal was then vaporized and
determined via ICP-MS. Total metal exposure wdsutated by combining the metal
amount extracted from the bead with the metal ath@maining on the bead to calculate
the total metal on the bead after multi-metal expes The results for wells 1-4 and 6-7
showed approximately 97, 99, 100, 98, 100, and 100%n, Ni, Cu, Cd, Eu and Pb
were released upon acid exposure, which indicatestgative release of the metals

bound to this particular peptide.
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6.3.2. Metal determination from the combinatorial library beads

A combinatorial peptide library was then used agxample for determination of
selective metal binding peptides by this method.order to minimize analysis error by
increasing the signal magnitude, TentaGel Macrabeeele used for the combinatorial
library. They were twice the diameter (i.e., 8d@srthe volume) of those used with the
PLAsp but otherwise had the same nominal speadibicat Measurements of 35 beads
showed an average diameter of 26t + 5.4% (i.e., = 16% in volume). After exposing
the beads to a mixed metal solution, the librargdsewere noticeably different in color,

ranging from dark red to light blue (Figure 6.4.).

®
.
.

400 pm

S o
b ]
.

Figure 6.4. Stereoscope image of the peptide jtivands after metal complexation.
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Figure 6.5. shows the resulting volume-normalizapacities determined for the
small set of peptide library beads. Mg valueswetls B, C, E, and J were omitted from
this figure because they were not significantlyed&ble above the blank levels. As
expected, there are distinct differences in cajacior each element as well as in the
relative capacities of one element to another tathebead. For example, beads from
wells A and | had the highest capacity for Mg; lee&dm wells A and F had the highest
capacities for Ni; beads from wells D and G had highest capacities for Cu, Pb, and
Eu; and beads from wells G and | had the highgstates for Mn and Cd. Similarly, if
one were in search of a bead that provided goodifting capacity with maximum
rejection of Ni, bead G from this small set of tibeary would be the optimal choice.

Since these beads were also measured with the st&yemeter and were
manufactured in a similar manner (i.e., similariaton in bead composition), the
remaining error after bead volume adjustment caadoeibed primarily to analysis error
since the relative error from the particle diametecertainty is smaller for these larger
beads. In addition, the precision in these catedlaapacities was slightly improved as a
result of the higher concentrations extracted ftbenlarger beads as a result of improved
measurement precision and less error in measunedgéead diameter: Mg (10%), Mn
(3%), Ni (5%), Cu (5%), Cd (6%), Pb (9%) and Eu }7%n cases where measuring
individual beads diameters would be difficult arrdéacessively time consuming, larger
bead sizes provide a means to decrease the oweraéntration uncertainty from bead-
to-bead by decreasing the relative analysis err@bviously, bead sets with better
monodispersity could also be used to increase oecif the diameters of individual

beads were not measured.
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Figure 6.5. Single bead metal extract concentratajrthe peptide combinatorial library
normalized to the individual bead volumes. The®ebars represent +d

(n = 3) based on error propagated using the arsatysdr of the sample,
blank, and calibration solutions. Mg concentraiiomvell B, C, E, and J
were negligible. (<0.6 ug/min
A sample of 5 library beads were also analyzedctlireising ETV after they had
been soaked and rinsed in HN@ see if the acid extraction was complete. Wtiike
beads released Mn, Cd, Eu, and Pb with 99-100%i&fity and Mg with 95-100%
efficiency; Cd* showed a more varied retention (75, 100, 90, ahda@id 97% metal

extracted). Since each of these particular ba&dly lhad a unique peptide sequence, it
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is not unexpected that strong binding sites ongimgn bead may not release the metal
using this particular stripping solution. The beagkre not sequenced in this study since
the scope of the work was intended only to dematestthe viability of using ETV-ICP-
MS as a metal screening technique using a smatl bea While 95+% extraction is
probably adequate for screening purposes, perhag@smght be concerned with <80%
efficiency depending on the level of screening gesnught. Clearly, total consumption
of the bead via oxygen ashing and ETV-ICP-MS isthetanswer if the peptide sequence
is to be determined. It was only used in this gtiadillustrate that most metal is released
by acid extraction. If the peptide is intendedé&used as a reusable chelating media for
metal remediation, one could argue that sitesdhahot be reclaimed do not effectively
“exist” and thus should not be counted in the bigdcapacity of the material. In these
cases, beads with inadequate release should lergreélly selected against if the target
metal concentration in the extract was low, regassllof how much metal was actually

bound to the bead.

6.4. CONCLUSIONS

With the exception of metals that are bound tighdlyhe peptide, acid stripping
of the metals in a single bead into a small volusyalemonstrated to be a viable
guantitative analytical approach when using deteation by ETV-ICP-MS. Precisions
of better than +10% were achieved for all metalemvkhe larger polymer beads were
employed. While acid was used in this study, otteetamation (stripping) solutions
could be employed, such as a competitive cheldterEDTA. Obviously, the use of
different extraction solutions may also yield agdial information on the relative
strength of binding sites and other characterisbicshe peptide sequence. The high

sensitivity and low volume requirements of the EaNow for single beads to be easily
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analyzed, and the TOF allows for unlimited m/z niomng analysis with no sensitivity
loss for multielemental analysis since there islogs in the mass analyzer duty cycle.
Though the method presented here could be perfororedother types of mass
spectromemters (i.e. quadrupoles), the large numibisotopes observed might result in
duty cycle related losses in sensitivity. For stisdy, the PLAsp beads and library beads
had 21% and 17% variation in the volumes, respelstiv This bead-to-bead variability
associated with the metal extracted can be codette by normalization to the bead
volume with the remaining error primarily ascrib@danalysis error and for the smaller
beads to the particle measurement error. Suchmelkorrection may not be necessary,
depending on the monodispersity of the bead setrandcceptable precision limit set by
the analyst for the screen. Interestingly, thisdgtdoes show that bead-to-bead site
density variability was not a major contributorttee uncertainty in the overall capacity
values for the Tentagel bead sets used.

The 2-3 min analysis time needed for each samplegpdicate presently makes
this technique suited for quantitative analysissefected beads after an initial bulk
screening method. Use of this approach for rag@ntitative screening may be viable
with automation of bead manipulation and an in@easthroughput for the ETV-ICP-
MS, such has been suggested by work with a mukgpleETV systerf?® where >100

analyses/h were reported.
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Chapter 7: Conclusions and Future Work

7.1. CONCLUSIONS

The synthesis and use of custom peptides for metahediation and
preconcentration has been demonstrated. Previosshple biohomopolymers were
easily attached to porous supports such as beadsmbranes to create a novel ion-
exchange media. These systems showed strong tathhg due to an “effective”
wrapping of the peptide around the metal introdycedating a defined binding cavity.
Metals are also easily released from these peptidasy dilute acid which not only
protonates the metal binding side chain groups,abed causes spoiling of the metal
binding cavity which assists in release of the neten the peptide. Judicious choice of
the repeating amino acid unit does provide somecseity flexibility. For example,
aspartic acid with the side group carboxylate fiometlity tends to preferentially bind
“hard acid” metals such as &Euand Nf*, while cysteine residues with the thiol
functionality tends to bind “soft acid” metals sues Cd" and PB". Enhancing
selectivity could be made by, again, mimicking makmetal binding proteins by creating
defined peptide structures (i.e., metal bindingites) using covalent linkages as a
substitute for weaker intermolecular forces; anugh careful choice of amino acid
sequence.

Cross-linking was initially used to improve the esgivity gains of
biohomopolymers and copolymers. Most of the reastiwere done “on-line” using a
column and peristaltic pump. In this way, the sile binding material could be easily
created and custom made for any metal using one tyjp peptide/cross-linking
chemistry. The use of a flow through system alstraases mass transport through

porous supports compared to typical batch tumbding thus decreases the amount of
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chemicals needed for the desired reaction. Cioks¥y was done in aqueous solutions
to keep the peptide in the same environment as whetal binding takes place. This
prevented likely shrinking of the peptide to th@port surface which may have occurred
with organic solvents due to an increased hydroghaetvironment. A majority of cross-
linking was done using EDC to cross-link the peptitirectly or to create cross-links via
a bifunctional linker both through the formation amide bonds. Cross-linking of
strategically positioned disulfides and photocriogshg with arylazide groups were also
used. The difficulty with using these methodshis heed for the metal to remain bound
to the peptide with minimal change in the prefaeenbinding cavity during cross-
linking. Aqueous cross-linking, especially with EPDwas a challenge due to the pH
requirements of the cross-linkers and the groupsselinked in addition to the need to
avoid low pH’s that would release the bound metaDverall, cross-linking was
confirmed through the gradual decrease in metahatps that were determined at
various stages. These capacity decreases weracoompanied by increases in metal
binding selectivity for the target metal.

Successful approaches for templating metal spégiether groups have resulted
in very rigid structures that were “locked” intoapk via bulk polymerization which
relied on the construction of the polymer supporassist in placement and position of
the metal binding functional groups. Our attentptsreate binding cavities via single
polymer chains with minimal interchain interactiomay still have a large degree of
flexibility. The immobilization of peptides and lgmers on controlled pore glass (CPG)
typically resulted in coverages of about 10%. T¢osld inhibit the construction of a
rigid cross-linked peptide structure if the struetonly relied on intrachain cross-linking.

A second approach used to increase the metal isghectf immobilized peptide

materials was through altering the peptide sequendas entailed experimenting with
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the amino acids used and their position in the al/eeptide chain. Solid phase peptide
synthesis (SPPS) was used to build the desiredesegs. Direct synthesis onto
controlled pore glass (CPG) resulted in sequerttasviere of less than 90% purity. In
order to compare composite peptides, the purityishbe fairly high which is easy to
accomplish with shorter chain peptides. A polymesin designed for use as both batch
and “on-line” continuous SPPS was used to syntbetkiz peptides via batch synthesis
and the resulting material was then packed intaonaumns to study the metal binding
characteristics.

The use of a polymeric resin for the support matedid yield numerous
differences compared to similar peptides on mayiel porous supports. Due to the large
loading capacities of these resins compared teeteesn on porous glass and carbon, the
metal binding capacities were two orders of maglatlarger. The higher loading
capacities perhaps increased the interchain irtterescbetween peptides, resulting in a
larger number of residues participating in metaldng. A larger percentage of residues
participating in metal binding indicated that tHeoder peptides are not undergoing the
tertiary structure changes that were evident with longer peptide chains on the more
rigid supports. In addition, equilibrium conditeomwere reached quite rapidly due to fast
metal-peptide kinetics plus minimal mass transponitations through the lightly cross-
linked polymeric support media. Rigid glass andboa supports can have mass
transport limitations due to defined solution patH3isplacement of trapped air is also
difficult to remove which limits mass transport dotive peptide groups. Interestingly,
these short peptides showed selectivity changdstivit changing of only one amino acid
position showing that amino acid placement can bBswery important in immobilized

short-chain peptides.
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Raman microscopy was then used to determine thariestructure changes of a
commonly used biohomopolymer, polyaspartic acidA§tl). PLAsp was synthesized
onto TentaGel resin of chain lengths 6, 20, and S§nthesis of a 50-mer PLAsp was
difficult and repeated synthesis resulted in onBOamer PLAsp. This may have been a
result of the difficulty of synthesizing longer piefes with bulky side chains onto smaller
90 um resins. All peptide chains bound one metal2p3 residues for each metal tested
(i.e., Mg*, Co*, Cd*, and Nf). This was in contrast to the longer peptides
immobilized onto carbon and glass supports in whidarger percentage of resides were
not available for metal binding due the coilediseyt structure. This was also evident
from the Raman spectra. Each PLAsp chain length tha same overall secondary
structure when under neutral pH conditions, andhenge was observed when metal was
added and all binding sites were filled to capacifyhis lack of secondary structure
change may be due to the concentrated environnigheolentaGel resin with peptide
chains enabling more inter and intrachain intecadtiwith less need to conform to a
coiled structure. This lack of secondary structtirange also explains the slight decrease
in conditional stability constants compared withlues determined for the longer
peptides on more rigid supports. The longer peptigh = 20 & 30) do show interesting
secondary structure changes during metal releabeawid. Upon protonation of the side
chains, the longer peptides form primarlysheets and some-helixes. Polycysteine
immobilized onto glass slides had been shown teass metals with acid by forming
coiled conformations such as-helixes. Perhaps the choice of supporting madteria
dictates the structure formed during metal releasth acidic solutions. This
conformational change during metal release assistie rapid release of metal. The

shorter 6-mer PLAsp chain did not show a distieciomdary structure change with acid.
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One method which is recently being used to discovetel sequences for metal
binding is through the use of combinatorial chemgistThrough split/pool synthesis, a
peptide bead library can be created with each peadessing a unique peptide sequence.
Beads that successfully bind a particular metahtdrest are often determined through
colormetric analysis for both metal catalysis anetahremediation purposes. Although
this method is quick and cheap, it is, at best, igeamtitative and usually able to
determine the presence of only a single metal specilf selective metal uptake is
desired, it may be important to confirm that conmgeispecies, if bound, are bound in
very small amounts. A species may bind a partrametal well, but it may be necessary
to determine to what extend in comparison to otimetals before bulk synthesis is
attempted.

To this end, electrothermal vaporization inductvetoupled plasma mass
spectrometry (ETV-ICP-MS) was used to determinentle¢al content of individual beads
belonging to a peptide library. This was done [acing individual beads into individual
wells containing acid to strip off the metal withibsequence analysis of the metal
concentration in each well. Coupling of the ETV $ample introduction to the ICP-MS
allows for very small sample volumes to be analyzed®ince each bead was
approximately 90-250 um, a 100 pL acid solution wsed to extract the metal from an
individual bead which resulted in metal concentragi from 1-1000 ppb. By using an
ICP-MS, the concentrations of metals in the extraotution can be determined
simultaneously. The capacity values were normdlifee the variation in the bead
volumes which decreased variability to +20% in socases. Although there were
remaining error contributions from bead-to-bead diensity differences, they were small
compared to those from the propagated analysisr earml in some cases error

contributions from the micrometer. Capacity preriswas reduced tg 10% when the
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larger beads (250 um) were employed. Beads we® @ygen ashed in the ETV
furnace to determine the metal that was not exdaduring treatment with acid and
showed that 98-100% of metal was extracted in ncases. At present, this method
could not be easily used to analyze an entire gepilorary. It would be most useful for
the detailed analysis of beads that were selettedigh a more semiquantitative rapid
screening method. It is likely, however, throudte tuse of a multi-ETV and an
automated bead preparation system; this methodl dmilused to analyze full peptide

combinatorial libraries.

7.2. FUTURE WORK

7.2.1. Templating

Various attempts to template in our laboratory wesade through cross-linking
long peptide chains together at various positionBis approach does not afford rigidity
in the structure and the metal binding cavity cdrbesustained. Other approaches that
have been more successful have done so by “lockangtmall metal complex and its
support material into place through polymerizatian. this way, the polymerization of
the support material provides extra rigidity to thetal complex.

An approach using monolithic columns may be a uaiyay to create these types
of materials. Small or larger peptides with mdtalind could be incorporated into the
reaction mixture pre-polymerization. The reactomditions can be tailored to create the
desired pore sizes. In addition to less back presfsom these materials, there are fewer
difficulties due to column packing, and the shrimkiand swelling of resins.

As a result of the studies done using TentaGehrasd composite peptides, this

seems like a viable route for creating very speaifgid structures. Peptides of longer
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than six residues containing various amino acidsldcde cross-linked via disulfide
linkages through strategically positioning cystemnesidues among other metal binding
residues. This was attempted using 6-mer resiadlgsh provided some selectivity
based on the masking of the thiol groups, howelesms on the formation of actual
cavities. Longer peptides with increasing intrachateractions, as shown in the Raman
microscopy studies, may provide the needed 3D anotems to effectively “lock” a

binding conformation into place.

7.2.2. Peptide Combinatorial Libraries For Selectie Metal Binders

Preliminary work determined that resins such astd@al are excellent resins
both for the synthesis of peptides and for useoasekchange support material. Further
studies into the short-chain metal binding librare®uld be advanced through modeling
peptide libraries to a greater extent on biologiatal binding proteins. A rough peptide
structure can be used to create libraries withiipeamino acids substituted at various
positions. These peptides could be created wighfdihmation of particular structures
such asu-helixes orB-sheets in mind. Confirmation of these structwesld be easily
determined using Raman microscopy or further ingasbn using solid state NMR.

In addition, the screening of these materials cdaddenhanced by automating
bead sample preparation and by the further devedopwf the multi-ETV system. For
bead batches that have a narrow size distributtoiyme corrections would not be
necessary and each metal sample could be reduceditgle aliquot in the ETV. This
could also greatly reduce analysis time. Extrdyasmacould be done by constructing a
flow through system for individual bead analysik this way, single beads could be

characterized for metal binding strength in additio metal binding capacities.
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7.2.3. Multicolumn Analysis Using Automated System

The analysis of data from breakthrough curves pies/useful information on the
binding character of an immobilized chelator. Hwere the larger capacity of the solid
phase synthetic resins such as TentaGel increlasemalysis time an order of magnitude
in some cases. One way to reduce that time sgemaicterizing one column is to test
multiple columns simultaneously. The frequencydafa collection for these materials
can be reduced since the overall breakthrough sisalyme is much greater. An
automated system could be constructed that wouklitera@ number of columns so the
same fraction of the overall time was spent on @adividual column with no significant
loss in the definition of the breakthrough curved This would be useful not only for
atomic absorption measurements, but also in cohpmuwvith the ICP-MS. The ICP-MS
not only provides greater sensitivity for the deteration of large binding constants, but
is also useful for monitoring many metals simult@my and, thus, the characterization
of multi-metal solutions. To this end, fast anaysf multi-metal binding behavior

would allow for a more detailed analysis of this©iéeior.
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