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TheE. coli DNA binding proteinlac repressor (LacI) and a derivative with a designed thiol (T334C) were developed
as gold nanocrystal conjugates to assess the effects of conjugation on DNA binding function. The designed derivative
was engineered with a solvent-accessible thiol to promote oriented conjugation, avoiding obstruction of the DNA-
binding domain by the nanocrystal. Analytical ultracentrifugation (AU) and electrophoretic mobility shift assays
(EMSA) were used to evaluate the ability of conjugated repressors to bind the natural operator DNA sequence
O1. The results show that LacI does not retain significant DNA binding function when conjugated to gold
nanocrystals, presumably because the basic DNA-binding domain is the site for nonspecific conjugation. T334C,
with the potential for both directed and nonspecific conjugation, shows enhanced interaction with O1 when
conjugated. Interestingly, the order of component addition is a key factor in producing functionallac repressor
conjugates.

INTRODUCTION

DNA recognition proteins have recently been the subject of
interest in nanoscience (1-5). Yun and co-workers (2002) tested
the ability of DNA binding proteins to interact with DNA
oligonucleotides tethered on both ends to small (1.4 nm) gold
nanocrystals. Interparticle distances obtained from TEM dem-
onstrate that EcoRI can cause topological changes, such as
bending, in conjugated DNA. This type of manipulation
generates the potential for design of nanoarchitectures for
electronics and sensors (5). Protein-DNA complexes have also
been used as functional scaffolds for the fabrication of nano-
electronics. For example, Keren and co-workers used the
structural and functional properties of the RecA nucleoprotein
filament to produce gold nanowires with branched architectures
and other structural characteristics (1). Another nanoarchitecture,
using protruding biotinylated thymine loops on DNA oligo-
nucleotides, produced uniformly spaced streptavidin-coated gold
nanocrystals. The researchers propose that regularly spaced
arrays of gold nanocrystals could interconnect nanoelectric
components and aid in the development of logical nanoelectronic
devices (2).

The lac repressor (LacI), anE. coli DNA binding protein, is
attractive for use as a structural and functional nano building
block because of the large amount of genetic and biochemical
information available for this protein (for review see ref 6). LacI
is structurally well characterized, with several crystallographic
and solution structures available. This protein binds two types
of ligand: DNA (operator) and small sugar molecules (inducer).
The binding of an inducer sugar reduces the ability of LacI to
bind DNA, effectively making LacI a logic switch, where “on”
is the high DNA affinity state and “off” is in the presence of
inducer when DNA affinity is low. One approach to the
assembly of nanoelectronic components onto DNA nanostruc-
tures could utilize the specificity of DNA binding proteins, like
LacI, for their DNA substrates. For example, DNA sequences
created with natural operator sequence O1 at regular intervals
could be mixed with LacI-bound gold nanocrystals, resulting
in uniformly spaced gold nanocrystal architectures. This type

of application requires oriented protein conjugation and would
be sensitive to the ability of the conjugated repressor to interact
with DNA, which is in turn modulated by inducer binding.

There is substantial evidence that nonspecific protein-gold
nanocrystal interactions are largely electrostatic, occurring
through basic surface residues and the negatively charged nano-
crystal surface (7, 8). The DNA-binding domain is logically
the most probable region for gold nanocrystal conjugation to
LacI because it is highly basic, having a theoretical pI∼9.3,
and lacks well-defined structure in the absence of operator DNA,
providing easy accessibility (9). If the DNA-binding domain is
the site of interaction, then LacI-gold nanocrystal conjugates
would be sterically prevented from binding operator DNA. The
purpose for creating T344C, with its solvent accessible cysteines,
was to provide a means for thiol-directed conjugation to gold
through the C-terminal region of LacI, thereby precluding
nanocrystal interference with the DNA-binding domain. Here,
we assess the operator DNA binding affinity of LacI and T334C
gold nanocrystal conjugates. This work develops the under-
standing of how conjugation can be manipulated to optimize
the function of protein-nanocrystal materials.

EXPERIMENTAL PROCEDURES

Materials. All materials were purchased from Sigma unless
specified otherwise.

Protein Mutation, Purification, and Conjugation. The
T334C mutation was produced on plasmid pLS1 (10) with the
QuikChange PCR site-directed mutagenesis kit (Stratagene)
using the provided protocol. Mutant plasmids were transformed
into supercompetent GC5 cells (Gene Choice) for growth and
purification. Mutant plasmids were sequenced (SeqWright) to
verify that no other mutations were present. Purification of wild
type LacI was carried out as described previously (11-14).
Briefly, expression occurred inE. coli strain BLIM (Novagen),
which was cured of the LacI episome (15). After centrifugation,
cell culture pellets were resuspended and lysed, and the lysis
supernatant was precipitated in 37% ammonium sulfate. The
resuspended precipitate was dialyzed overnight and loaded onto
phosphocellulose. LacI was eluted with a gradient of 0.12-0.3
M potassium phosphate buffer, pH 7.5. The concentration of
LacI-containing fractions was determined by absorbance at 280
nm (extinction coefficient) 1.6 mL mg-1 cm-1). The T334C
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mutant was purified similarly to wild type protein, with the
following exceptions: Protease inhibitor tabs (Roche) were
added to inhibit degradation of the protein. Dialysis time of the
resuspended ammonium sulfate pellet is reduced to three 20-
min steps. All buffers contained 10 mM DTT to prevent
aggregation via the solvent-exposed cysteine residues. Last,
T334C was eluted stepwise (0.12 M KP to 0.3 M KP) instead
of with a gradient to minimize time of purification. Proteins
were stored at-20 °C for up to 6 months with 10 mM DTT.

Conjugates were formed as follows: The LacI potassium
phosphate storage buffer was exchanged for conjugation buffer
(50 mM Tris, pH 9.2, 5% (w/v) glucose) by centrifugation in
Amicon Ultra-15 (MWCO 30000) centrifugal filters (Millipore).
LacI or T334C (250µL) was diluted into 15 mL of conjugation
buffer and centrifuged at 2500g for 15 min. The process was
repeated twice more to ensure complete exchange. A gold nano-
crystal suspension, prepared by citrate reduction and character-
ized as described previously (14), was added to specified re-
pressor concentrations diluted in conjugation buffer so that the
final concentration of gold nanocrystal was one-fourth the initial
concentration. This dilution factor was necessary to decrease
the nanocrystal absorbance in the UV-visible region to below
1 absorbance unit and sufficiently dilutes the nanocrystals so
that concentration-dependent nonideality in sedimentation is
minimized. Samples were allowed to conjugate for approxi-
mately 30 min at room temperature unless specified otherwise.

[35S]-Methionine-labeled LacI and T334C were generated as
described previously (14) with the TNT T7 Quick for PCR DNA
transcription/translation kit (Promega). Briefly, the LacI gene
(with and without the T334C mutation) under the T7 promoter
was cloned into pGEM-T (Promega). Following translation,
unincorporated [35S]-methionine (ICON Isotopes) was removed
with protein desalting spin columns (Pierce). [35S]-repressors
were further purified on a small phosphocellulose column and
diluted with unlabeled repressor to determine protein concentra-
tion (µg/µL) by absorbance at 280 nm. The amount of radio-
active isotope in counts per minute (cpm) was measured for an
aliquot of the repressor mixture to produce a specific activity
(cpm/g) for the sample. For [35S]-repressor-gold nanocrystal
conjugates, free protein was removed by centrifugation at 14000
rpm for 30 min in a desktop centrifuge. The conjugated repressor
concentration was determined based on the amount of radio-
active isotope present using the specific activity of the initial
protein sample.

Operator DNA Radiolabeling. Operator affinities of con-
jugated proteins were measured with double-stranded natural
operator O1 (5′-TGTTGTGTGGAATTGTGAGCGGATAA-
CAATTTCACACAGG-3′). Complementary strands (Bio-
Source) were hybridized in annealing buffer (8 mM Tris-HCl,
pH 7.5, 4 mM MgCl2, 10 mM NaCl) and labeled with [32P] by
polynucleotide kinase (NEB) andγ-[32P]-ATP (MP Biomedi-
cals) in a final volume of 15µL. The labeling reaction was
terminated with 2µL of 0.5 M EDTA and diluted to 50µL
with Tris-EDTA, pH 8. Labeled operator was purified from
unincorporatedγ-[32P]-ATP on NICK columns (Amersham
Biosciences) and eluted with Tris-EDTA, pH 8.0. DNA was
aliquoted and stored at-20 °C for up to 1 month.

Analytical Ultracentrifugation (AU). AU data were col-
lected using the vendor’s software on a Beckman XL-A ana-
lytical ultracentrifuge. Sedimentation velocity experiments were
performed at 20°C at 3100 rpm. A total of 80 scans were taken
at 10 scans per hour for each sample. Raw data were processed
with the enhanced van Holde-Weischet and second moment
utilities in Ultrascan version 7.2 (16).

NaCl Flocculation Assays.Conjugates, prepared as described
above, were mixed with NaCl to a final concentration of 1%.
Flocculation proceeded for 10 min before recording the UV-

visible spectra (200-800 nm) on a Varian Cary 50 UV-visible
spectrophotometer. A minimum of three spectra for each protein
concentration were recorded.

Electrophoretic Mobility Shift Assay (EMSA). Nondena-
turing 4% polyacrylamide (37.5:1 acrylamide:bisacrylamide)
gels containing 2% glycerol were preelectrophoresed in 0.5×
TBE (0.045 M Tris-borate, pH 8.0, 1.0 mM EDTA) at 100 V,
constant current, for 1 h prior to loading the samples. Conjugate-
[32P]-O1 interactions were measured in conjugation buffer at
pH 8 (50 mM Tris-HCl, pH 8, 5% glucose w/v), with BSA
added to a final concentration of 1 mg/mL just prior to loading
to aid in entry of the sample into the gel. Samples were loaded
onto gels at 250 V until separation of loading dye occurred.
The voltage was reduced to 150 V, and gels were run for
approximately 1.5 h or until the loading dye reached a distance
of 6 cm into the gel. Gels were dried with a vacuum gel dryer
and exposed overnight to a Fuji phosphorimaging plate. Binding
data were visualized and quantified with MultiGauge software
(Fuji).

RESULTS

The DNA recognition capability of LacI requires contact
between operator DNA (1O) and the charged binding domain
of LacI. Negatively charged gold nanocrystals could in principle
interact with this important region and render the protein
inactive. With that possibility in mind, we developed a mutant
of LacI, T334C, to direct nanocrystal attachment to another
region of the protein. This system contains a solvent-exposed
cysteine residue in the C-terminus, on the opposite end of the
protein from the N-terminal DNA-binding domain. Figure 1
shows the crystal structure of tetrameric LacI and the position
of the basic DNA-binding domain and threonine 334 on each
monomer. The cysteine mutation provides potential for site-
directed conjugation via a gold-sulfur bond, and its location
would orient the DNA-binding domain away from the nano-
crystal. Additionally, nanocrystal attachment to the cysteines
of T334C would require a stronger, more stable gold-sulfur
bond than the nonspecific and reversible electrostatic interactions
expected for binding between gold nanocrystals and the native
LacI repressor (17).

Central to any comparison of function between nanoparticle-
bound and free proteins is accurate evaluation of the stoichi-
ometry of the nanobionconjugates; in particular, it is important
that nanobioconjugates are produced with saturation coverage
of proteins and that free protein is removed from the suspen-
sions. Here, these issues were addressed for gold nanocrystal-
repressor conjugates using three methods: NaCl-induced floc-
culation,[35S]-repressorassociation,andanalyticalultracentrifugation.
Taken together these techniques provide both a measure of the
success of conjugation strategies, and also a determination of
the stoichometry of the resulting complexes. The results from
all methods are summarized in Table 1.

In NaCl-induced flocculation assays, gold nanocrystals
become aggregated because of the reduced electrostatic repulsion
at higher ionic strengths. This aggregation is signaled by a
pronounced shift in the peak position of their absorbance. If
nanocrystals are bound to proteins, the aggregation is modified
significantly and can in fact be avoided when nanocrystals are
fully coated by proteins. Thus, an examination of the gold
nanocrystal-repressor solutions as a function of [gold nano-
crystal]/[repressor] ratio provides a verification of the successful
conjugation of LacI and T334C to nanocrystals. Figure 2 shows
that ∼12 LacI repressors are needed to prevent flocculation,
whereas a smaller number of repressors produce the same
outcome for T334C (Table 1). These data suggest that reversible
electrostatic interactions are important in the conjugation of gold
nanocrystals to the native LacI repressor. Compared to a stronger
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gold-sulfur bond such as that engineered in T334C, native LacI
repressors would require higher protein concentrations for
stabilization.

The relative amount of gold nanocrystal and protein in these
conjugates can also be found using radiolabeled [35S]-repressor
conjugates (Table 1). Here, [35S]-repressors were conjugated
to gold nanocrystals using our standard methods, and free protein
was separated from conjugates by multiple rounds of centrifuga-
tion. The results show that LacI-gold nanocrystal conjugates
have on average three fewer proteins per nanocrystal than
conjugates produced using T334C mutants, a result that
contradicts the trend found in the NaCl flocculation assay. In
this analysis, bionanoconjugates were separated from proteins

using a strong centrifugal force (14000 rpm for 30 min) to
rapidly pellet the sample; subsequent washes, and recovery,
could result in the removal of weakly bound LacI repressor
proteins from gold nanocrystal surfaces and subsequently lower
[protein]/[nanocrystal] ratios. This effect would be less sub-
stantial for T334C-gold nanocrystal conjugates since conjuga-
tion in that case relies on the stronger gold-sulfur bond.

Bioconjugate structure can also be evaluated by shifts in the
Svalue obtained from AU sedimentation velocity experiments
(14). Sedimentation velocity, unlike repeated centrifugation and
separation of pellet and supernatant, occurs at much lower
centrifugal forces and in equilibrium (i.e., the components are
not separated during the measurement). Therefore, the [gold
nanocrystal]/[protein] values calculated using this technique
should reflect both those protein molecules that are weakly and
strongly bound to the nanocrystal surfaces. The ratios for both
LacI and T334C proteins are∼10 repressors per nanocrystal.
This result is consistent with the fact that, despite the mutation,
LacI and T334C have the same physical dimensions. Given the
average diameter of the gold nanocrystals used in these
experiments (13.2( 1.5 nm) and the approximate dimensions
of an unliganded LacI tetramer (7.8× 7.9 × 7.7 nm) (9), we
estimate 11 repressors as the maximum number that the surface
of a gold nanocrystal could accommodate, in good agreement
with our ratios as measured both by flocculation assays and in
ultracentrifugation (Figure 3).

Of great interest in this work is how the conjugation process
affects protein function, in this case the binding of operator
DNA. To examine this, we used analytical ultracentrifugation
to measure the sedimentation characteristics of conjugates mixed
with operator DNA. When conjugated repressors interact with
operator DNA, substantial changes in the hydrodynamic proper-
ties should be signaled by a change in theS values measured
by AU. Figure 4 compares theSvalues of repressor conjugates
with O1 and an inducer sugar, IPTG. We first considered the
properties of the native LacI conjugates. When the LacI
conjugate is formed before O1 is added, the nanocrystals have
S values comparable to the LacI conjugate without O1 (Figure
4A). This result suggests that O1 is not binding to the conjugated
LacI, as predicted if the nanocrystals are blocking the DNA
recognition domain. We confirmed this by reversing the order
of addition, and generated LacI-O1 complexes that were then
exposed to gold nanocrystals. These samples have higherS

Figure 1. Crystal structure of LacI and placement of the T334C mutation. LacI is a dimer of dimers. In the right dimer, one monomer of LacI is
shown in light blue and the other in dark blue. In the left dimer, the DNA-binding domain is colored red, the core domain (that binds sugar inducer)
of the protein white, and the tetramerization domain in green. Operator DNA is shown as the yellow space-filled molecule. The white box indicates
the region for enlargement to show the position of threonine 334. Threonine 334, shown in magenta in the enlargement, was chosen for cysteine
mutation because it is solvent accessible and should orient the protein so that neither the DNA-binding domain nor the inducer sugar pocket are
obstructed when the protein is bound to gold nanocrystals. Figure generated from pdb files 1LBG and 1LBI (9).

Table 1. Repressor-Gold Nanocrystal Ratios (13.2 nm Gold
Nanocrystals)a

repressors per nanocrystal

protein NaCl flocculation [35S]-labeling AUSmax

LacI ∼12 7.1( 0.7 10.8( 0.7
T334C ∼8 9.6( 0.2 10.4( 1.0.

a For comparison, a theoretical prediction of 11 repressors per nanocrystal
is based on the average diameter of the gold core from TEM data and
dimensions from the LacI crystal structure 1LBI (9).

Figure 2. NaCl-induced flocculation of repressor conjugates. The
absorbance of the gold nanocrystal plasmon peak was measured after
NaCl was added to samples with a range of repressor concentrations.
T334C (circles) prevents flocculation at lower concentration than LacI
(triangles). Lines are shown for guidance only. Data are from three
separate experiments.
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values comparable to gold nanocrystals alone, indicating no
substantial conjugation occurs (Table 2). These data suggest
that LacI interacts with either O1 or gold nanocrystals, but does
not significantly interact with both at the same time. In other
words, the gold nanocrystals and operator DNA compete for
the same binding site on the native LacI repressor.

The behavior of the mutant T334C repressor conjugates with
operator DNA is quite different than that found for native LacI
(Figure 4B). When the T334C conjugate is formed prior to O1

addition, there is a small but significant increase in S (Table 2,
p < 0.2). This change is larger than that for LacI under similar

conditions. What remains uncertain is whether this change arises
from conjugate-operator binding, or is the result of reduced
nanocrystal coverage when T334C associates with O1 instead
of nonspecifically with the nanocrystal. Interestingly, when the
T334C-O1 complex is formed prior to conjugation, the data are
poorly behaved in the van Holde-Weischet analysis and yield
an S value distribution with a negative slope, indicative of
repulsive interactions in the sample (Figure 4B). Second moment
analysis of the data sets in Ultrascan reveal that there is a large
concentration-dependent nonideality in these samples (not
shown). One possible explanation for the concentration-depend-
ent nonideality is that gold nanocrystals with a primary layer
of T334C attached through the engineered cysteine and a
secondary layer of O1 bound to T334C have an exceptionally
large hydrodynamic radius. If correct, these conjugates would
also possess a strong negative charge on the surface. DNA and
large particles like viral capsids are well-known for concentra-
tion-dependent nonideality, especially in the low salt conditions
found in these experiments. The proposed O1-T334C-gold
nanocrystal complex thus contains all of the elements that cause
concentration-dependent nonideality in other systems. Interest-
ingly, when IPTG is added to the T334C O1-first conjugates,
the anomalous behavior is alleviated and the slope of the
distribution becomes positive like the other samples. This re-
sult indirectly demonstrates that the nonideality is due to
T334C-O1 interactions, although confirmation of the assembly
of the O1-T334C-gold nanocrystal complex cannot be unam-
biguously deduced from the sedimentation velocity experiments.

Although analytical ultracentrifugation indicates distinctive
differences between how T334C and native LacI repressor con-
jugates recognize DNA, another method is required to confirm
the relative ability of each system to interact with operator DNA.
Electrophoretic mobility shift assays (EMSA) are readily adapted
to this conjugate system. Indeed, agarose gel electrophoresis
has been used previously to separate (18, 19), characterize the
structure (20, 21), and quantify the binding (22) of gold nano-
crystal-DNA conjugates. The assembly of albumin and anti-
body-quantum dot conjugates has also been assessed with
polyacrylamide gel electrophoresis (23, 24). Here we use the
EMSA to provide information about the operator DNA-
repressor complexes.

An EMSA gel of repressor conjugates with [32P]-O1 is shown
in Figure 5. The first four lanes establish the necessary controls.
The faster migrating band present in the operator only control
is attributed to single stranded DNA (lane 3). When O1 is bound
to unconjugated repressor, the free O1 band is shifted due to a
reduction in electrophoretic mobility (lanes 1 and 2), whereas
gold nanocrystals alone do not cause a shift, establishing that
there is no significant interaction between the operator and the
nanocrystals (lane 4).

When the repressor-operator complex is formed before gold
nanocrystals are added, native LacI retains significant O1 binding
affinity as an unconjugated protein, demonstrated by the band
with similar mobility to the LacI-operator control (lanes 5-7).
Here, the presence of operator appears to compete with con-
jugate formation, as observed in the AU experiments. Additional
bands in these samples as compared to the control lanes are
also apparent. First, the supershifted band (lowest mobility

Figure 3. Repressor-gold nanocrystal stoichiometries usingSmax as
an observable. The stoichiometric ratio corresponds to the point where
the line fit at lower protein concentrations intersects the line extending
the saturation plateau. For simplicity only the lines for LacI are shown.
Both LacI (triangles) and T334C (circles) have similar ratios of∼10
repressors per nanocrystal (D ) 13.2 nm) at the stoichiometric
breakpoint. Data are from three separate experiments.

Figure 4. Comparison of S for repressor conjugates with O1 and
inducer IPTG. Integral plots from raw data analyzed in the Enhanced
van Holde-Weischet utility in Ultrascan are shown. A, Samples
containing LacI and B, samples containing T334C.b, Gold nanocrystals
(4 nM). 4, Repressor (30 nM) gold nanocrystal (4 nM) conjugate.O,
Gold nanocrystal conjugated first, then operator (90 nM).2, Operator
complexed first, then gold nanocrystals.0, Operator complexed first,
then gold nanocrystals, then 1 mM IPTG. Data from three separate
T334C-operator first experiments displayed a negative slope, indicative
of strong repulsive interactions.

Table 2. AverageS Values of Repressor Conjugates with O1 and
IPTG

protein AuNC
AuNC,
then O1

O1,
then AuNC

O1, AuNC,
then IPTG

LacI 838( 9 855( 21 1169( 19 947( 45
T334C 889( 10 906( 17 1242( 69a 952( 56
no protein 1114( 19 1147( 11 1107( 137

a This value is not accurate due to the strong concentration-dependent
nonideality in this sample (see Figure 4).
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band), which we assign to O1 bound to gold nanocrystal-protein
conjugates (O1•AuNC•protein) is more significant in the T334C
sample (lanes 8-10) than for the native repressor, as predicted
from the previous experiments. Visual inspection of the gel
shows that, in addition to radiolabeled O1, this region contains
gold nanocrystal-based pink color (data not shown). Quantifica-
tion of the [32P]-O1 signal from this band in Figure 6 shows
that the T334C super-shifted band is∼3-4-fold more intense
than the analogous LacI band, corresponding to enhanced DNA
binding capacity of the T334C conjugate. This difference
presumably arises from the ability of O1-bound T334C to orient
conjugation through the engineered cysteine sulfhydryl. The
other observed band in lanes 5-10 not present in the control
lanes is faster migrating and weaker in intensity than the
unconjugated repressor-operator band; this band is assigned to
two operators binding to a single tetramer. As expected, no

difference in the intensity of this band is observed between LacI
and T334C.

In contrast, when LacI or T334C are conjugated to gold
nanocrystals prior to the addition of O1, signals are not observed
at the positions corresponding to unconjugated repressor-O1

complex nor the gold-nanocrystal-conjugated repressor-O1

complex (lanes 11-16). At these repressor concentrations, little
free protein appears to be present to form the unconjugated
repressor-O1 complex, and assembly of O1-repressor-gold
nanocrystal is precluded, presumably by gold nanocrystal
binding blocking the basic DNA-binding domain. Note that
conjugation prior to O1 addition interferes with both LacI and
T334C binding, suggesting that oriented binding by T334C does
not preclude interaction of the basic N-terminal DNA binding
domain with gold nanocrystals in the absence of operator DNA
sequences.

Similar to AU, the EMSA data demonstrate that the order of
addition of reactants is critical for the maintenance of DNA
binding function, presumably due to an electrostatic interaction
with the DNA-binding domain despite the strong nature of the
possible T334C gold-sulfur bond. However, with addition of
DNA first, T334C is able to conjugate to the gold nanocrystals
through the engineered cysteine and retain significant interaction
with O1 as a conjugate.

DISCUSSION

We developed a LacI mutant designed with a solvent-exposed
cysteine residue to facilitate directed conjugation through a
gold-sulfur bond, alleviating the functionally deleterious
consequences of nonspecific conjugation through the DNA-
binding domain. This mutant, T334C, prevents NaCl-induced

Figure 5. EMSA of 30 nM repressor conjugates with operator DNA O1. [32P]-O1 (90 nM) is shown with 30 nM LacI (L) or T334C (T) and 4 nM
gold nanocrystals. This protein concentration was chosen because it is slightly below the stoichiometric concentration for repressor-gold nanocrystal
conjugation, so all of the protein should be conjugated in the gold nanocrystal-first conditions. The order of reaction components was varied and
is denoted 1 or 2. Three predominant bands were observed corresponding to free O1, unconjugated repressor-O1 complex, and a super-shifted band
representing O1 bound to conjugate. Lanes 1-3, no nanocrystal added; 4, O1 and nanocrystal; 5-7, LacI, O1 added first; 8-10, T334C, O1 first;
11-13, LacI, nanocrystal first; 14-16, T334C, nanocrystal first.

Figure 6. Quantification of the intensities of the supershifted bands
in the EMSA. Intensities are measured in the region of the gel
corresponding to the supershifted band. All areas used were identical,
and data from three separate experiments were averaged. The T334C-
O1 first sample is the only one with significant intensity over
background, demonstrating that T334C can interact with both O1 and
gold nanocrystal.
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flocculation at lower concentrations than native LacI. This
observation suggests that LacI conjugates through a weaker,
reversible electrostatic interaction, making it less efficient at
preventing flocculation compared to T334C, which has the
ability to conjugate through a gold-sulfur bond. Furthermore,
more radiolabeled repressor is present in the T334C conjugate
than the LacI conjugate after removal of free repressor via
repeated centrifugation, indicating again that T334C has a
stronger, more robust interaction with gold nanocrystals than
LacI. Precise ratios of protein to nanocrystal were obtained under
equilibrium conditions by the sedimentation velocity of conju-
gates. With this equilibrium technique, both LacI and T334C
exhibit ratios of approximately 10 repressors per nanocrystal,
in good agreement with calculations based on the nanocrystal
and repressor dimensions.

Analytical ultracentrifugation and EMSA allow characteriza-
tion of the interaction of conjugated LacI and T334C with the
operator DNA sequence O1. LacI conjugates do not interact
strongly with O1 in either assay. In contrast, T334C conjugates
associate with O1 depending on the order in which the operator-
T334C-nanocrystal complex is formed. These data establish
that T334C is capable of oriented conjugation to maintain DNA
binding function, whereas LacI appears to conjugate primarily
through its basic DNA-binding domain, thereby blocking the
interaction with O1 when conjugated. Nonspecific electrostatic
protein-gold nanocrystal interactions, while easy to implement,
may result in a loss of function for proteins with basic functional
regions. If the biological function of the final hybrid material
is to be maintained, the possibility of nonspecific interactions
between functional regions and the nanostructure must be
considered. We have shown that these complications can be
avoided at least in part by directing conjugation using thiols
placed in regions of the biomolecule that direct orientation to
minimize inhibition of function.
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