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Northeastern University (NU)
bestowed chemistry professor Patricia
Mabrouk with an “Excellence in
Teaching” award during its 102nd
Commencement Exercises on May 1 at
the Fleet Center. Mabrouk was spe-
cially recognized at the ceremony by
NU President Richard M. Freeland and
the Board of Trustees, and is one of
four NU professors out of more than
800 garnering this distinction in 2004.
More than 15,000 graduates, their fam-
ilies, university faculty members and
administrators were on hand to
applaud Mabrouk’s commendation. 

The Excellence in Teaching
Award, given annually to faculty mem-
bers who show outstanding commit-
ment to teaching and the pursuit of
knowledge, mentorship of students,
and strong scholarly activity, is the
highest honor a university faculty

member can achieve. 
Mabrouk joined Northeastern’s

chemistry department in 1990 after
completing her bachelor’s degree in
mathematics and chemistry from
Wellesley College (1982), and her
Ph.D. in physical chemistry from the
Massachusetts Institute of Technology
(1988). She subsequently held a
National Institutes of Health postdoc-
toral fellowship at Stanford University
from 1988 to 1990. Her research inter-
ests include chemical education, non-
aqueous enzymology, green chemistry,
and conducting polymers.

Over the past fourteen years at
Northeastern, Mabrouk distinguished
herself as a teacher-scholar enjoying a
national reputation in molecular bio-
physics and chemical education, and as
an enthusiastic educator of young men
and women, from the high school to

the graduate level. She has consistently
demonstrated strong commitment to
the scholarship of teaching, publishing
thirty-eight peer-reviewed publications
during her tenure at NU, twelve of
which describe teaching innovations
that have benefited a host of high
school and undergraduate students in
Boston and surrounding areas in
immeasurable ways.

Among other recognitions,
Mabrouk has received the National
Science Foundation’s CAREER
Award, which was given to 346 faculty
nationwide, selected from among
almost 2000 applicants. In 2003, she
was named Massachusetts Professor of
the Year by the Carnegie Foundation,
selected from among 400 professors
from institutions across the nation. The
Professor of the Year program is the
only national honor for excellent
teaching in higher education, and
specifically recognizes outstanding
college and university faculty for their
excellence in undergraduate teaching,
their impact on and commitment to
undergraduate students, and their con-
tributions to undergraduate education
at their institutions, the community,
and their profession. ◆◆

Northeastern University
Recognizes Mabrouk 
for Teaching Excellence
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pharmaceutical industry:

Master of Science in 

Drug Discovery 
& Development

This program teaches students the 
scientific principles underlying the discovery
and development of pharmaceuticals, and
provides a broad understanding of the drug
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Election 
The results of the 2004 elections of the
Northeastern Section.  There were a
total of 553 ballots counted.
*=Elected; ## =Councilor; #=Alternate 
Chair-Elect
* Patricia A. Mabrouk 298 

Marietta H. Schwartz 229
Treasurer
* James U. Piper 467
Trustee
* Esther A. H. Hopkins 473
Councilor/Alternate

Thomas R. Gilbert 380 ##-3 yrs.
Jean A. Fuller-Stanley 364 ##-3 yrs.
Michael J. Hearn 358 ##-3 yrs.
Michael Singer 355 ##-3 yrs.
Arlene W. Light 339   #-3 yrs.
Pamela M. Nagafuji 335  #-3 yrs.
Timothy B. Frigo 330 #-3 yrs.
Susan Chiri-Buta 306 #-3 yrs.
Mark Froimowitz 249
Mary A. Mahaney 227
Daniel Coughlin 225

Director-at-Large
* Gary R. Weisman 321
* Graham B. Jones 294

Samuel P. Kounaves 177
David W. Yesair 169

Nominating Committee
Catherine E. Costello 372
Ira S. Krull 249
Lauren K. Wolf 243
James E. Quick 136

Norris Award Committee
* Barry B. Snider 335

J. Donald Smith 285
Graham B. Jones 230
David Yue-Wei Lee 118

Jean A. Fuller-Stanley, Chair ◆◆

Edward R.
Atkinson
Long-time member of the Section,
past Chair and holder of numerous
Section positions has passed away
peacefully on June 28 in his 91st
year, in Amherst, MA where he has
been living since his retirement. Ed
has requested that there be no
funeral service or memorial serv-
ice. A full obituary will appear in a
coming issue. ◆◆
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The Northeastern Section will wrap up
its Summerthing Program on Friday,
August 6 with a visit to the new facili-
ties of the Genzyme Corporation on
Storrow Drive along the banks of the
Charles River.  One cannot fail to
notice the new and impressive Gen-
zyme building constructed near the
interchange of the Mass Pike on West-
ern Avenue. It dominates the scene in
company with the multistory addition
made to the new dorms of the Harvard
Business School and the huge Guest
Suites Hotel on the opposite corner.

We will meet at the Genzyme
building on Friday, August 6 at 10:00
a.m. and have the opportunity to visit
and tour the labs and research facili-
ties. We might learn, for instance, what
is on the cutting edge of biotechnology
and where the next emphasis might
lay. Afterward we will be having lunch
at the Old Country Buffet in the Water-
town Mall on Arsenal Street in Water-
town just a few minutes away. Old
Country is in the same mall as the Tar-
get store and Best Buy. Prices at Old
Country are very reasonable with a

cost of $6.79 for adults, $6.29 for sen-
iors with a senior card (which costs $1
and good for the year) and reduced
prices for children depending on age -
a real good deal for an all-you-can-eat
affair. 

For reservations and further informa-
tion, contact the Summerthing Chair,
Wally Gleekman, by e-mail at gleek-
manw@msn.com or 617-527-1192.
We look forward to welcoming you to
our fourth and final event of Sum-
merthing. ◆◆

SUMMERTHING IV

Four chemists have been awarded
Lyman C. Newell Grants for the 66th
Annual Summer Conference of the
New England Association of Chem-
istry on Astronomy and Chemistry.
They are Linda Ryan of Shrewsbury,
MA; Douglas Baker of Center Barn-
stead, NH; Cheryl Nowak or Rock-

land, MA; and Pamela Bergquist of
Somerville, MA. The grants of
$225.00 were awarded by the North-
eastern Section of the American Chem-
ical Society and are applied toward the
cost of attending the conference.

This four-day conference on extra
terrestrial chemistry will explore the

chemical interactions and processes on
the Earth and other planets.  The con-
ference is being held at Brown Univer-
sity in Providence, RI from Monday,
August 2nd through Thursday, August
5th, and is co-sponsored by NEACT,
NASA/Brown University Northeast
Planetary Data Center and the NASA/
Rhode Island Space Grant Program.

The Lyman C. Newell Grants
commemorate a former chair of the
Northeastern Section who was a distin-
guished chemist, teacher, and historian
of chemistry.  For many years he was
chair of the Chemistry Department at
Boston University.  Lyman Newell
served as the first president of NEACT
from 1889 to 1900 and expressed a
continuing interest in training chem-
istry students throughout his long
career.  His efforts are celebrated by
grants that bear his name. ◆◆

Lyman C. Newell Grants - 2004

New Editors
With the publication of the Summer
2004 issue, the Nucleus is now under
the direction of a new editorial staff. At
this time, the staff consists of three edi-
tors, with Mark Spitler as the Manag-
ing Editor and Nancy Simons and Ao
Zhang as Associate Editors. Their
names and contact information appear
in the Nucleus masthead for the first
time this month. ◆◆
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Introduction
Recently there has been a wealth of
activity studying the translocation
dynamics of nucleic acid through pores
designed from a membrane bound pro-
tein a-hemolysin [1-3]. Applying a suf-
ficiently high voltage causes a
polynucleotide to translocate through
the channel. Experiments indicate that
each nucleotide traverses the pore in 1-
20 ms depending on the type of base
and the ionic strength of the buffer, and
that translocation of DNA reduces the
current significantly [1-3]. Further-
more, the duration of the current
blockade is linearly proportional to the
length of the polynuceotide chain and
inversely proportional to the applied
voltage [1-3]. a-hemolysin can distin-
guish between bases in DNA hairpin
molecules [1-3]. 

In the next section, the diffusive
dynamics of DNA through a nanopore
channel is formulated within the
framework of one-dimensional Smolu-
chowski equation. Our model incorpo-
rates polyelectrolyte features of DNA,
counterion condensation, ionic strength
of the buffer, electrostatic potential
across the pore obtained from the lin-
earized Poisson-Boltzmann equation,
the effective free energy of interactions
of the nucleic acid with the pore walls,
and the driving force that pulls the
DNA through the pore. In the last sec-
tion, we predict the distribution of
blockade times for B-DNA and poly
(U) and compare it with available
experimental data. 

Model
The basic assumption in the model

is that a quantitative description of the
translocation dynamics is feasible by
focusing on the backbone coordinates
of the DNA in the pore [4-6]. These

coordinates are assumed to be “slow”.
Let x be the length of the oligomer that
has traversed the pore at time t, where
x0 is its value at t=0.  The probability
of observing a coordinate or a length  x
of DNA in the pore at a time t is
denoted by P[x,t]. We assume that
P[x,t] satisfies a one-dimensional
Smoluchowski equation

where D is the diffusion coefficient, �
is defined as 1/kBT, T is the tempera-
ture, kB is the Boltzmann constant, and
F(x) is the effective free energy of the
DNA-pore system. The boundary con-
dition is that the probability of finding
the DNA at the ends of the channel
vanishes, i.e., P(x=0,t) = P(x=L,t) = 0 ,
where L is the length of the pore. The
solution to Eq. (1) is subject to the ini-
tial condition P(x=0,0) = �(x-x0) [4-6].

Effective free energy and electro-
static potential. The effective free
energy F(x) of the DNA-pore system is
a function of the translocation coordi-
nate  and is partitioned as follows:

�F (x) = ��(x) - �xf. (2)
Here, ��, is the free energy of interac-
tion between the DNA and the interior
of the pore, and f represents the aver-
age driving force that pulls the DNA
through the pore [4,5]. 

We assume that the electrostatic
potential Φ satisfies the linearized
Poisson-Boltzmann equation. The elec-
trostatic potential can be expressed
analytically in terms of the width d of
the membrane, the applied external
voltage V, and the Debye-screening
parameter �.  Since the applied exter-
nal potential drives the DNA through
the channel, we can relate the potential
to the driving force.  

The free energy of interaction of
the DNA with the pore is obtained
from knowledge of the electrostatic
potential within the pore and the
charge density of the DNA. A second
contribution to the free energy ��(x) is
due to the change in entropy of an
oligomer having N - n nucleotides on
the cis side and n nucleotides on the
trans side.  Its contribution to the total
free energy is given approximately by
(1/2)1n[n(N - n)] [5, 6].

Counterion condensation. The elec-
trostatic stability of DNA in aqueous
solution is governed by counterion
condensation. Introduce a quantity �
called the linear charge density param-
eter. It is defined as the Bjerrum
length, the characteristic distance
between a pair of ions in solution at
which Coulomb energy is balanced by
thermal fluctuation, divided by the
charge spacing of the phosphate group
[7].  For nucleic acids, � >1 leading to
an electrostatic instability. Counterions
from the bulk condense on the DNA
backbone so as to reduce its bare
charge [7]. As a result of counterion
condensation, Manning argued that
each bare phosphate charge q is renor-
malized by the linear charge density
parameter, q/� [7]. We incorporate
counterion condensation in the driving
force and the free energy of interaction
though the charge density of the DNA.

Blockade time distribution. The flow
of current across the membrane chan-
nel is reduced as the DNA is passing
though the pore.  The flux j(x,t) is
equal the partial derivative of the prob-
ability with respect to x. The probabil-
ity that DNA will exit the pore on the
trans side is j(x = L,t).  If this flux is
denoted by �(t), then the total proba-

Summer Scholar

DNA Translocation 
Through a Nanopore Channel
K. Amarnath*,#, P. Mirazami#, and U. Mohanty#

* Massachusetts Institute of Technology, Cambridge, MA
# Department of Chemistry, Boston College, Chestnut Hill, MA 02467

Continued on page 8
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bility that the DNA will exit the trans
side is �dt�(t). If the probability that
DNA will exit the pore at x-L is
divided by the total probability, one
then obtains the distribution of block-
ade times �(t) [4,8] 

Results and Discussion. 
The structural characteristics of

DNA that enters the model are the
number of nucleotides N, the charge
spacing , the Bjerrum length, and the
persistence length P. The Bjerrum
length is 7.1 Å at room temperature.
The buffer used in the experiment is
Hepes. The ionic strength of the buffer
is 0.061 M. The inverse of the Debye
screening length is 0.082 Å-1.  

The nanopore channel characteris-
tics introduced in the model are the
diameter and the channel length, which
are respectively 15 Å and 50 Å [1-3].
The membrane voltage is taken to be
125 mV [1-3]. We have taken the
dielectric constant of the interior of the
a-hemolysin pore, em, to be between 20
and 40.

In Figure 1, we have plotted the

distribution of blockade times normal-
ized as �L/v versus dimensionless
time vt/L for poly (A), poly (U) and B-
DNA, where v is the effective velocity
of the DNA. Note that the width of the
distribution of blockage times for B-
DNA is larger than that of poly (A) or
poly (U). Furthermore, the width is
narrowest for single stranded poly (U).
These features are in agreement with
experimental data [1-3]. 

The distribution of blockade times

is exquisitely dependent on the ionic
strength and the pH of the buffer.  If
the ionic strength of the solvent is
increased, then the Debye screening
parameter k increases, and the width of
the distribution of blockade times
decreases. On decreasing the length of
the pore from 50 Å to 20 Å one finds
an increase of the width of the distribu-
tion of blockade times and a corre-
sponding decrease of the height of the
distribution, which implies that the
DNA translocates faster.  On the other
hand, increasing the dielectric constant
of the pore em from 20 to 40, leads to a
decrease in the distribution’s width
while increasing its height. 

The details of the calculation that
includes analysis of quantities such as
the mean first passage time, a quantity
defined as the probability that the
DNA will reach the end of the pore for
the first time, the lifetime of the
nucleic acid during translocation, and
the time to enter the pore will be dis-
cussed elsewhere [9]. 

Summary. We have developed a quan-
titative predictive model for the diffu-
sive dynamics of DNA translocation
through a nanopore channel. We pre-
dicted quantities such as the distribu-
tion of blockade times for poly (U),
poly(A) and B-DNA, and compared it
with available experimental data. 

Acknowledgments. This work (U.M.)
was supported by the National Science
Foundation.
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Figure 1. The distribution of reduced
blockade times is plotted as a function of
scaled time. B-DNA is represented by the
continuous line, poly(A) by the dotted line,
and poly(U) by the dashed line. The num-
ber of nucleotides is taken to be 210.

Figure 1



Metalloenzymes require the presence
of a metal ion to carry out their cat-
alytic activity. In these enzymes, it is
the arrangement of amino acid func-
tional groups in the active site that
determines the coordination of the
metal cofactor. In proteins, Zn2+ can be
coordinated by three or four residues.
Typically, when Zn2+ plays a catalytic
role it is coordinated by three active
site side chains,i,ii leaving an open
coordination site in which Zn2+ can
interact with water or hydroxide (when
it promotes nucleophilic attack) or a
substrate (when it participates in elec-
trophilic catalysis). Enzymes that use
Zn2+ to carry out catalysis have been
and continue to be intensely studied,
however there is still debate about their
chemical modes of action.ii For exam-
ple, the abundance of kinetic and struc-
tural information about bovine
pancreatic carboxypeptidase A
(CPA)iii,iv is overwhelming, but its cat-
alytic mechanism has been under
debate for over 50 years.ii,v,vi,vii What
remains undisputed is that the catalysis
of CPA is closely linked with the coor-
dination of Zn2+ within the enzyme’s
active site (see Figure 1).i,ii,iii

Insight into how enzymes operate
is useful in the development of practi-
cal reagents and artificial catalysts tar-
geted to specific reactions.viii A
promising method by which to study
the structure of a metal-binding active
site is through the use of small mole-

cule models that mimic the metal coor-
dination in the active site. We seek to
create short Zn2+-peptide complexes
that mimic zinc metalloprotease active
sites, particularly their metal coordina-
tion geometry. While rationally
designed molecules have previously
proven to be successful in imitating
enzyme active sites,vii,viii,ix,x studies
involving such compounds are limited
by the slow pace and often modest
yields of organic synthesis. Peptide
phage displayxi offers a combinatorial
approach to selecting a desired charac-
teristic in a short peptide, in this case
metal-binding ability, from a library of
different peptide sequences. Moreover,
the amino acid residue composition of
peptides is ideally suited to simulate the
environment of an enzyme active site.

Peptide phage display has been
employed in identifying short peptides
which bind to metal ions for the
sequestration of metals (Cd2+, Zn2+,
Ni2+) in wastewater,xii,xiii as well as the
development of affinity tags for protein
purification (Cu2+, Ni2+).xiv,xv These
experiments focused on achieving high
levels of metal binding affinity as well
as specificity. To date, peptide phage
display has not been used to create
specific metal ion binding motifs, as is
the goal of this research.

The library employed in this study
was the Ph.D.-7 peptide phage library
from New England Biolabs, Inc.xvi A
library of sequences inserted into the
M13 phage genome results in the
expression of 2.8 x 109 different pep-
tide sequences by the filamentous bac-
teriophage. This system is commonly
used because the foreign peptide is dis-
played on the pIII protein (five copies
per virion) located on the tip of the
phage surface. The location of the dis-
played peptides at the end of the phage

virion is easily accessible to the target
species. In peptide phage display, the
library of peptide sequences is screened
against the target in a process called
panning. Since the coordination of Zn2+

is the focus of this research, the Ph.D.-7
library was panned against Zn2+ immo-
bilized on an iminodiacetic acid (IDA)
resin. Through a repetitive process of
panning and amplification of the
selected phage, the pool was narrowed
down to only the displayed peptides
with the desired Zn2+-binding charac-
teristics. Variations to the panning
process were made to test the effect of
different conditions on the identity of
the Zn2+-binding peptides selected.
Since each mutant phage contained the
gene encoding the displayed peptide,
peptide sequences of the isolated
phage clones were determined directly
from sequencing the viral DNA. 

Materials and Methods
Peptide Phage Library and E. coli

Strain.  The Ph.D.-7 peptide-phage
library and E. coli strain ER2738 (an
F+ strain with tetracycline resistance)
were provided by New England Bio-
labs, Inc. All enzymes were from New
England Biolabs, Inc. and all chemi-
cals and reagents were from Fisher
Scientific unless otherwise stated.
Charging the Resin with Metals.
Chelating-Sepharose Fast Flow gel
(Amersham Pharmacia Biotech, Piscat-
away, NJ), 400 �L, was washed 3 x 1
mL of H2O.  Zinc chloride (1 mL of 10
mM) was added to the resin and mixed
by end-over-end rotation overnight at
room temperature. The resin was
washed 2 x 1 mL of H2O and 2 x 1 mL
Incubation Buffer (0.1 M Tris·HCl, pH
7.5, 0.5 M NaCl, 0.5% Tween 20).
The resin was stored in Incubation
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Buffer at 4 oC.  To prepare the Metal
Mix, aliquots of fresh resin were
charged separately using one of vari-
ous metal ion solutions (NiCl2, MgCl2,
CoCl2, CaCl2, CdCl2, one aliquot in
just water) as described above. After
washing, these aliquots were sus-
pended in Incubation Buffer, combined
into one tube, and stored at 4 oC.
Panning. Zn2+-charged resin (~50 �L
resin) was blocked using 1 mL of
Blocking Buffer (0.1 M Tris·HCl, pH
7.5, 1% BSA) for 30 minutes.  The
resin was washed 2 x 1 mL Incubation
Buffer. In round 1 of panning, 10 �L of
the Ph.D.-7 library was used.  In subse-
quent rounds, 10 �L of amplified phage
from the previous round was used.
When negative selection was carried
out, it was done in rounds 2 and 3 of
panning only.  The phage solution (10
�L) was added to an aliquot of Metal
Mix (~80 �L resin) in 500 �L of Incu-
bation Buffer. The mixture was incu-
bated for 1 h at room temperature. The
negative-selected supernatant was then
transferred to the blocked Zn2+-

charged resin.  Otherwise, 10 �L of
phage solution was added directly to
the Zn2+-charged resin in 190 �L of
Incubation Buffer. After incubation for
1 h at room temperature, the resin was
washed 8 x 1 mL Incubation Buffer
and 4 x 1 mL Washing Buffer (0.1 M
Tris·HCl, pH 7.5, 15% glycerol, 0.5%
Tween 20).  In some cases, an addi-
tional wash (“Zinc Wash”) was carried
out between the Incubation Buffer and
Washing Buffer washes using 1 mL of
1 mM ZnCl2 in Washing Buffer. Elu-
tions were carried out by incubating
the resin in 1 mL of Elution Buffer (0.1
M Tris·HCl, pH 7.5, 50 mM histidine)
at room temperature in various stages
(see Figure 2).  In Experiment 4, all
buffers were as described above except
they contained sodium acetate, pH 5.5,
instead of Tris·HCl, pH 7.5.

Phage Amplification and Prepa-
ration of Sequencing Templates. Elu-
ates from rounds 1 and 2 of panning
were amplified and round 3 phage
DNA was purified for sequencing
according to the Ph.D.-7 methodol-
ogy.xvi DNA was sequenced by the
New England Biolabs DNA Sequenc-
ing Core Facility in Beverly, MA.

Results and Discussion
The Ph.D.-7 peptide phage library

was screened against Zn2+ immobilized
on an iminodiacetic (IDA) Sepharose
resin in order to select peptide
sequences that bind to Zn2+ with a spe-
cific coordination geometry.  The
advantage of having the zinc ion
immobilized on the resin, other than
experimental ease, is that one or more
zinc coordination sites are occupied by
the IDA group.  Therefore, a peptide
that binds to an immobilized zinc ion
cannot coordinatively saturate it with-
out stripping it from the resin.  How-
ever, it is possible that one peptide can
partially coordinate adjacent zinc ions
using several metal-binding residues
(e.g., histidine).  Such a peptide would
be expected to coordinatively saturate
a free Zn2+ ion.  To select peptides that
specifically bind Zn2+ leaving an open
coordination site, as in hydrolytic zinc
metalloenzymes, the panning condi-
tions were varied among panning
experiments as summarized in Table 1.
A sample panning experiment is out-
lined in Figure 2.

Modeling the Zn2+
Continued from page 9

Table 1. Summary of Panning Conditions

Exp. pH Negative Zn2+

Selection Wash
2 7.5 �
3 7.5 � �
4 5.5 � �
5 7.5
6 7.5 �

Figure 2. Sample Panning Experiment
Flow Chart (Exp. 3)
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As histidine is the most avid Zn2+-
binding residue in peptides, it can
coordinatively saturate Zn2+ if four 
or more histidines are present in one
peptide.xvii,xviii In order to avoid this
situation, in some experiments the pep-
tide-phage bound to the Zn2+-IDA
resin was washed with free zinc ions
(“Zn2+ Wash”) to compete with the
resin for peptides containing four or
more Zn2+-binding ligands.  In a com-
parison of sequence data from Experi-
ments 5 and 6 (see Table 2), a slight
decrease in the number of histidine
residues (when averaged over the num-
ber of sequences) was observed in
Experiment 6 (Zn2+ Wash) compared
to Experiment 5 (no Zn2+ Wash).

A better method by which to
decrease the number of histidines
involved lowering the pH of all buffers
used in the panning procedure. At pH
5.5, histidine is protonated and there-
fore cannot coordinate Zn2+. As evi-
denced by the data from Experiment 4,
lowering the pH drastically decreased
the number of histidines in the peptide
sequences. The number of histidine

residues present in each peptide
sequence obtained in Experiment 4
was 0-1. The majority of the peptide
sequences obtained in all other experi-
ments had histidine counts ranging
from 3-5.  Although the complete elim-
ination of histidine residues in the
selected peptides is obviously not the
experimental goal, the fact that altering
conditions such as pH can reduce the
number of histidines is very promising.
As we seek to find peptides that coor-
dinate Zn2+ using three residues, it will
be of interest to try panning at an inter-
mediate pH such as 6-6.5.

Many of the peptide sequences
obtained at pH 7.5 contained the triad
HXH, where X is any amino acid
residue (see Table 2).  Also, several
peptide sequences contained a histi-
dine/proline combination.  Sometimes
both motifs were present within the
same sequence. One sequence that was
repeatedly observed was QLHRHHH
(Experiments 2, 3, and 5). The
sequence motif QLH was also present
in a different location in another pep-
tide (HQLHHHL in Experiment 6).
This indicates that the QLH motif may
be important in Zn2+ binding.  It is
interesting to note that most of the

sequences did not contain other known
Zn2+ binding residues such as aspartate
or glutamate. 

In order to select peptides that
specifically bind Zn2+ over other metal
ions or bare resin, negative selection
was carried out by washing the pep-
tide-phage library over IDA-resin
charged with Ni2+, Mg2+, Co2+, Ca2+,
and Cd2+ (as well as naked beads) prior
to screening the library against immo-
bilized Zn2+.  This negative selection
was done in Experiments 2, 3, and 4.
A comparison of the sequence data
does not reveal any obvious differ-
ences in the types of sequences
obtained with and without negative
selection; in fact, there are common
sequences between Experiments 2, 3, 4
and Experiments 5, 6.  Future studies
of the affinities of these peptides for
various metal ions may reveal binding
preferences however.

Phage-ELISA (enzyme-linked
immunosorbent assay) is currently
being used to verify the binding of Zn2+

by selected peptide-phage clones.  Zn2+

immobilized on magnetic IDA-agarose
beads are incubated in a dilution series
of individual phage clones.  A standard

Continued on page 12

Table 2.  Summary of Sequence Results for
Panning Experiments
Numbers in parentheses represent the num-
ber of copies of a given sequence that were
obtained in the experiment. Sequences in
bold are peptide sequences present in more
than one experiment. The presence of par-
ticular residues and motifs are indicated.
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colorimetric assay is used to determine
if the isolated phage exemplify the
intended metal-binding affinity.  We
are currently fine-tuning this method-
ology to achieve consistent results. 

Once interesting sequences have
been confirmed for Zn2+-binding affin-
ity, the peptides will be synthesized
and characterized structurally in the
absence and presence of Zn2+ using 1H
and 13C NMR. Future directions will
involve demonstrating the ability of
Zn2+-peptide complexes to catalyze
reactions such as the hydrolysis of sub-
strate analogs. The open coordination
site in these enzyme models is likely to
be important either in promoting the
nucleophilic attack of a water molecule
or in electrophilic catalysis through a
metal-substrate interaction.
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