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DNA Binding to Protein —Gold Nanocrystal Conjugates
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TheE. coliDNA binding proteinlac repressor (Lacl) 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
Ol The results show that Lacl 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 interactionwithe®
conjugated. Interestingly, the order of component addition is a key factor in producing fundéiomaepressor
conjugates.

INTRODUCTION 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 pretgold
nanocrystal interactions are largely electrostatic, occurring
through basic surface residues and the negatively charged nano-
rystal surfaceq, 8). The DNA-binding domain is logically
he most probable region for gold nanocrystal conjugation to
Lacl because it is highly basic, having a theoreticah8.3,
and lacks well-defined structure in the absence of operator DNA,
providing easy accessibilityg). If the DNA-binding domain is
the site of interaction, then Lacbold 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 Lacl, thereby precluding
dnanocrystal interference with the DNA-binding domain. Here,
yve assess the operator DNA binding affinity of Lacl 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.

DNA recognition proteins have recently been the subject of
interest in nanosciencé<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 a
bending, in conjugated DNA. This type of manipulation
generates the potential for design of nanoarchitectures for
electronics and sensors)( Proteinr-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 characteristid$. (Another nanoarchitecture,
using protruding biotinylated thymine loops on DNA oligo-
nucleotides, produced uniformly spaced streptavidin-coated gol
nanocrystals. The researchers propose that regularly space
arrays of gold nanocrystals could interconnect nanoelectric
components and aid in the development of logical nanoelectronic
devices ).

The_Iac repressor (Lacl), ai. coli DNA bir}ding protein, i_s . EXPERIMENTAL PROCEDURES
attractive for use as a structural and functional nano building
block because of the large amount of genetic and biochemical Materials. All materials were purchased from Sigma unless
information available for this protein (for review see ref 6). Lacl specified otherwise.
is structurally well characterized, with several crystallographic ~ Protein Mutation, Purification, and Conjugation. The
and solution structures available. This protein binds two types T334C mutation was produced on plasmid pL&0) (with the
of ligand: DNA (operator) and small sugar molecules (inducer). QuikChange PCR site-directed mutagenesis kit (Stratagene)
The binding of an inducer sugar reduces the ability of Lacl to using the provided protocol. Mutant plasmids were transformed
bind DNA, effectively making Lacl a logic switch, where “on”  into supercompetent GC5 cells (Gene Choice) for growth and
is the high DNA affinity state and “off” is in the presence of purification. Mutant plasmids were sequenced (SegWright) to
inducer when DNA affinity is low. One approach to the verify that no other mutations were present. Purification of wild
assembly of nanoelectronic components onto DNA nanostruc-type Lacl was carried out as described previoudlg—14).
tures could utilize the specificity of DNA binding proteins, like  Briefly, expression occurred i&. colistrain BLIM (Novagen),
Lacl, for their DNA substrates. For example, DNA sequences which was cured of the Lacl episom&sj. After centrifugation,
created with natural operator sequenceaDregular intervals cell culture pellets were resuspended and lysed, and the lysis
could be mixed with Lacl-bound gold nanocrystals, resulting supernatant was precipitated in 37% ammonium sulfate. The
in uniformly spaced gold nanocrystal architectures. This type resuspended precipitate was dialyzed overnight and loaded onto
phosphocellulose. Lacl was eluted with a gradient of 603
* Corresponding author. Phone: (713)348-4936; E-mail: mcal@rice.edu. M potassium phosphate buffer, pH 7.5. The concentration of
§ Department of Chemistry. Lacl-containing fractions was determined by absorbance at 280
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mutant was purified similarly to wild type protein, with the Vvisible spectra (200800 nm) on a Varian Cary 50 UWisible
following exceptions: Protease inhibitor tabs (Roche) were spectrophotometer. A minimum of three spectra for each protein
added to inhibit degradation of the protein. Dialysis time of the concentration were recorded.
resuspended ammonium sulfate pellet is reduced to three 20- Electrophoretic Mobility Shift Assay (EMSA). Nondena-
min steps. All buffers contained 10 mM DTT to prevent turing 4% polyacrylamide (37.5:1 acrylamide:bisacrylamide)
aggregation via the solvent-exposed cysteine residues. Lastgels containing 2% glycerol were preelectrophoresed irx0.5
T334C was eluted stepwise (0.12 M KP to 0.3 M KP) instead TBE (0.045 M Tris-borate, pH 8.0, 1.0 mM EDTA) at 100 V,
of with a gradient to minimize time of purification. Proteins  constant current, fdl h prior to loading the samples. Conjugate-
were stored at-20 °C for up to 6 months with 10 mM DTT.  [32P]-O! interactions were measured in conjugation buffer at
Conjugates were formed as follows: The Lacl potassium pH 8 (50 mM Tris-HCI, pH 8, 5% glucose w/v), with BSA
phosphate storage buffer was exchanged for conjugation bufferadded to a final concentration of 1 mg/mL just prior to loading
(50 mM Tris, pH 9.2, 5% (w/v) glucose) by centrifugation in  to aid in entry of the sample into the gel. Samples were loaded
Amicon Ultra-15 (MWCO 30000) centrifugal filters (Millipore). ~ onto gels at 250 V until separation of loading dye occurred.
Lacl or T334C (25QL) was diluted into 15 mL of conjugation ~ The voltage was reduced to 150 V, and gels were run for
buffer and centrifuged at 25@for 15 min. The process was approximately 1.5 h or until the loading dye reached a distance
repeated twice more to ensure complete exchange. A gold nanoof 6 cm into the gel. Gels were dried with a vacuum gel dryer
crystal suspension, prepared by citrate reduction and characterand exposed overnight to a Fuji phosphorimaging plate. Binding
ized as described previousl{4), was added to specified re- data were visualized and quantified with MultiGauge software
pressor concentrations diluted in conjugation buffer so that the (Fuji).
final concentration of gold nanocrystal was one-fourth the initial
concentration. This dilution factor was necessary to decreaseRESULTS
the nanocrystal absorbance in the Y¥isible region to below
1 absorbance unit and sufficiently dilutes the nanocrystals so

that concentration-dependent nonideality in sedimentation is ; g
minimized. Samples were allowed to conjugate for approxi- °f -acl- Negatively charged gold nanocrystals could in principle
interact with this important region and render the protein

mately 30 min at room temperature unless specified OtherWise'inactive. With that possibility in mind, we developed a mutant

[358_]-Meth|omne|-labelec:]Lr?cl and T334C ‘livfre generated as ¢ Lacl, T334C, to direct nanocrystal attachment to another
described previouslylé) with the TNT T7 Quick for PCRDNA o501 of the protein. This system contains a solvent-exposed
transcription/translation kit (Promega). Briefly, the Lacl gene ¢y gieine residue in the C-terminus, on the opposite end of the
(with and W|thout the T334C mutation) under the T7 promoter protein from the N-terminal DNA-binding domain. Figure 1
was cloned Into PGEM-T (Promega). Following translation, - gpqys the crystal structure of tetrameric Lacl and the position
unincorporated®S]-methionine (ICON Isotopes) was removed ot the hasic DNA-binding domain and threonine 334 on each
with protein desalting spin columns (Pierce¥q]-repressors  onomer. The cysteine mutation provides potential for site-
were furt.her purified on a small phosphoqellulose 'column and Girected conjugation via a gofesulfur bond, and its location
diluted with unlabeled repressor to determine protein concentra-

X L) by absorb h £ radi would orient the DNA-binding domain away from the nano-
tion (ugluL) by absorbance at 280 nm. The amount of radio- ¢ta) " Additionally, nanocrystal attachment to the cysteines
active isotope in counts per minute (cpm) was measured for an

i f th . d i - “of T334C would require a stronger, more stable gaddifur
aliquot of the repressor mixture to produce a specific activity ,,q than the nonspecific and reversible electrostatic interactions

(cpm/g) for the sample. FoPfS]-repressorgold nanocrystal — gyhected for binding between gold nanocrystals and the native
conjugates, free protein was removed by centrifugation at 14000 5, repressor 7).

rpm for 30 min in a desktop centrifuge. The conjugated repressor Central to any comparison of function between nanoparticle-
concentration was determined based on the amount of raOIIO'bound and free proteins is accurate evaluation of the stoichi-

active; isotope present using the specific activity of the initial ometry of the nanobionconjugates; in particular, it is important
protein sample. ) ) o that nanobioconjugates are produced with saturation coverage
_ Operator DNA Radiolabeling. Operator affinities of con- ¢ proteins and that free protein is removed from the suspen-
jugated proteins were measured with double-stranded naturalgions. Here, these issues were addressed for gold nanoerystal
operator O (5-TGTTGTGTGGAATTGTGAGCGGATAA- repressor conjugates using three methods: NaCl-induced floc-
CAATTTCACACAGG-3). Complementary strands (Bio-  cyation, p5S]-repressorassociation, and analytical ultracentrifugation.
Source) were hybridized in annealing buffer (8 mM Tris-HCI,  Taken together these techniques provide both a measure of the
pH 7.5, 4 mM MgC}, 10 mM NaCl) and labeled witt?{P] by success of conjugation strategies, and also a determination of
polynucleotide kinase (NEB) ang-[*P]-ATP (MP Biomedi- the stoichometry of the resulting complexes. The results from
cals) in a final volume of 1%L. The labeling reaction was 5| methods are summarized in Table 1.
terminated with 2uL of 0.5 M EDTA and diluted to 5QuL In NaCl-induced flocculation assays, gold nanocrystals
with Tris-EDTA, ng 8. Labeled operator was purified from y)ocome aggregated because of the redgcedgalectrostatic ?:apulsion
unincorporatedy-[*P]-ATP on NICK columns (Amersham 5 higher jonic strengths. This aggregation is signaled by a
Biosciences) and eluted with Tris-EDTA, pH 8.0. DNA was  onounced shift in the peak position of their absorbance. If
aliquoted and stored &t20 °C for up to 1 month. nanocrystals are bound to proteins, the aggregation is modified
Analytical Ultracentrifugation (AU). AU data were col-  significantly and can in fact be avoided when nanocrystals are
lected using the vendor’s software on a Beckman XL-A ana- fylly coated by proteins. Thus, an examination of the gold
lytical ultracentrifuge. Sedimentation velocity experiments were nanocrystatrepressor solutions as a function of [gold nano-
performed at 20C at 3100 rpm. A total of 80 scans were taken crystal]/[repressor] ratio provides a verification of the successful
at 10 scans per hour for each sample. Raw data were processegonjugation of Lacl and T334C to nanocrystals. Figure 2 shows
with the enhanced van Hole@Veischet and second moment that ~12 Lacl repressors are needed to prevent flocculation,
utilities in Ultrascan version 7.216). whereas a smaller number of repressors produce the same
NaCl Flocculation AssaysConjugates, prepared as described outcome for T334C (Table 1). These data suggest that reversible
above, were mixed with NaCl to a final concentration of 1%. electrostatic interactions are important in the conjugation of gold
Flocculation proceeded for 10 min before recording the-UV ~ nanocrystals to the native Lacl repressor. Compared to a stronger

The DNA recognition capability of Lacl requires contact
between operator DNAQ) and the charged binding domain
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Figure 1. Crystal structure of Lacl and placement of the T334C mutation. Lacl is a dimer of dimers. In the right dimer, one monomer of Lacl 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 an€)1LBI (

Table 1. Repressor-Gold Nanocrystal Ratios (13.2 nm Gold using a strong centrifugal force (14000 rpm for 30 min) to
Nanocrystalsf rapidly pellet the sample; subsequent washes, and recovery,
repressors per nanocrystal could result in the removal of weakly bound Lacl repressor

proteins from gold nanocrystal surfaces and subsequently lower

protein NaCl flocculation FPS]-labeling AU Snax . . .
acl - 1507 108507 [protein]/[nanocrystal] ratios. This effect would be less sub-
T334C 3 961 0.2 10.4% 1.0, stantial for T334C-gold nanocrystal conjugates since conjuga-

tion in that case relies on the stronger getuilfur bond.
~ #For comparison, a theoretical prediction of 11 repressors per nanocrystal Bioconjugate structure can also be evaluated by shifts in the
Eﬁgﬁggn%nffgg 3\]’: rfgg S‘f‘g’t‘gf irtrﬂitt:ri glﬁ';f(‘”e from TEM data and 5 - \ue obtained from AU sedimentation velocity experiments
Y ' (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
0.60 e P A not separated during the measurement). Therefore, the [gold
§ nanocrystal]/[protein] values calculated using this technique
0.55 4 iy should reflect both those protein molecules that are weakly and
) Pl strongly bound to the nanocrystal surfaces. The ratios for both
P Lacl and T334C proteins arel10 repressors per nanocrystal.
0.50 3 Egg’l“c This result is consistent with the fact t_hat, qlespit(_a the mgtation,
0} ¥ Lacl and T334C have the same physical dimensions. Given the
average diameter of the gold nanocrystals used in these
%ﬂ' experiments (13.2= 1.5 nm) and the approximate dimensions
I T T T I | of an unliganded Lacl tetramer (758 7.9 x 7.7 nm) @), we
0 5 10 15 20 25 estimate 11 repressors as the maximum number that the surface
Repressors per nanocrystal of a gold nanocrystal could accommodate, in good agreement
Figure 2. NaCl-induced flocculation of repressor conjugates. The with our rgtlos as megsured both by flocculation assays and in
absorbance of the gold nanocrystal plasmon peak was measured aftebltracentrifugation (Figure 3).
NaCl was added to samples with a range of repressor concentrations. Of great interest in this work is how the conjugation process
T334C (circles) prevents flocculation at lower concentration than Lacl gffacts protein function, in this case the binding of operator
(triangles). Lines are shown for guidance only. Data are from three DNA. To examine this, we used analytical ultracentrifugation
separate experiments. to measure the sedimentation characteristics of conjugates mixed

gold—sulfur bond such as that engineered in T334C, native Lacl With operator DNA. When conjugated repressors interact with
repressors would require higher protein concentrations for operator DNA, substantial changes in the hydrodynamic proper-
stabilization. ties should be signaled by a change in Swealues measured
The relative amount of gold nanocrystal and protein in these by AU. Figure 4 compares ttgvalues of repressor conjugates
conjugates can also be found using radiolabetes]{repressor ~ with O and an inducer sugar, IPTG. We first considered the
conjugates (Table 1). Here35g]-repressors were conjugated properties of the native Lacl conjugates. When the Lacl
to gold nanocrystals using our standard methods, and free proteirconjugate is formed before'@s added, the nanocrystals have
was separated from conjugates by multiple rounds of centrifuga- S values comparable to the Lacl conjugate withodit(Bigure
tion. The results show that Laebold nanocrystal conjugates ~ 4A). This result suggests that @ not binding to the conjugated
have on average three fewer proteins per nanocrystal thanLacl, as predicted if the nanocrystals are blocking the DNA
conjugates produced using T334C mutants, a result thatrecognition domain. We confirmed this by reversing the order
contradicts the trend found in the NaCl flocculation assay. In of addition, and generated Laclk@omplexes that were then
this analysis, bionanoconjugates were separated from proteinseexposed to gold nanocrystals. These samples have higher

Absorbance at 522 nm

0.45 —
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Table 2. AverageS Values of Repressor Conjugates with ®and

% IPTG
900 ‘ AUNC, o, O, AuNC,

v Lacl
o T334C protein AuNC then G then AUNC  then IPTG
838+ 9 855+21 1169+ 19 947+ 45

1
% Lacl
T334C 889+ 10 906+ 17 12424+ 6% 952+ 56
3‘; 1107+ 137

800 —
no protein 111419 1147+ 11
aThis value is not accurate due to the strong concentration-dependent

nonideality in this sample (see Figure 4).

1
600 S LTS f conditions. What remains uncertain is whether this change arises
Iél — “I'a- from conjugate-operator binding, or is the result pf reduced
10 20 30 40 50 60 nanocrysta_l coverage when T334C associates witim&ead
Repressors per nanocrystal of nonspecifically vv_|th the nano_crystal. Interestlngly, when the
T334C-C complex is formed prior to conjugation, the data are
poorly behaved in the van Holdé&Veischet analysis and yield

re 3. Repressorgold nanocrystal stoichiometries usiSgax as
an S value distribution with a negative slope, indicative of

Sy (X107 se€)

Figu
an observable. The stoichiometric ratio corresponds to the point where
repulsive interactions in the sample (Figure 4B). Second moment

the line fit at lower protein concentrations intersects the line extending
the saturation plateau. For simplicity only the lines for Lacl are shown.
Both Lacl (triangles) and T334C (circles) have similar ratios~dfo

analysis of the data sets in Ultrascan reveal that there is a large
concentration-dependent nonideality in these samples (not

repressors per nanocrystaD (= 13.2 nm) at the stoichiometric
shown). One possible explanation for the concentration-depend-

breakpoint. Data are from three separate experiments.

Boundary Fraction (%)

ent nonideality is that gold nanocrystals with a primary layer
of T334C attached through the engineered cysteine and a
secondary layer of Obound 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 propose8Td34C-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-@rst 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-C interactions, although confirmation of the assembly
of the O-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 Lacl 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 separdi® (9), characterize the
600 1000 1400 structure R0, 21), and quantify the binding2@) of gold nano-
Sed. Coeff. (x10™) crystak-DNA conjugates. The assembly of albumin and anti-
body—quantum dot conjugates has also been assessed with

A

80 —

MO0,
>>y

>p
[ ]

3
|
eeeeabwossssssssssssssg
0000

0r
mﬂ]ﬂmmnmgm

DRDDD
0000,

DB
D000,

20

BBBBERy
e

®eee,
Sseast

I
600 1000 1400

Sed. Coeff. (x10™)

Figure 4. Comparison of S for repressor conjugates with ahd L :
inducer IPTG. Integral plots from raw data analyzed in the Enhanced polyacrylamide gel electrophoresi83 24). Here we use the
EMSA to provide information about the operator DNA

van Holde-Weischet utility in Ultrascan are shown. A, Samples
containing Lacl and B, samples containing T33@CGold nanocrystals repressor complexes.
An EMSA gel of repressor conjugates witip]-O! is shown

(4 nM). A, Repressor (30 nM) gold nanocrystal (4 nM) conjugéie.
Gold nanocrystal conjugated first, then operator (90 Operator L . .
Y I P (90 na)Op in Figure 5. The first four lanes establish the necessary controls.

complexed first, then gold nanocrystdls, Operator complexed first, h . -

then gold nanocrystals, then 1 mM IPTG. Data from three separate The faster migrating band present in the operator only control

T334C-operator first experiments displayed a negative slope, indicative is attributed to single stranded DNA (lane 3). Whehi$hound

of strong repulsive interactions. to unconjugated repressor, the freklfand is shifted due to a
reduction in electrophoretic mobility (lanes 1 and 2), whereas

values comparable to gold nanocrystals alone, indicating no gold nanocrystals alone do not cause a shift, establishing that

substantial conjugation occurs (Table 2). These data suggesthere is no significant interaction between the operator and the

that Lacl interacts with either {or gold nanocrystals, but does  nanocrystals (lane 4).
not significantly interact with both at the same time. In other ~ When the represseiperator complex is formed before gold

words, the gold nanocrystals and operator DNA compete for nanocrystals are added, native Lacl retains significartiGling

the same binding site on the native Lacl repressor. affinity as an unconjugated protein, demonstrated by the band
The behavior of the mutant T334C repressor conjugates with with similar mobility to the Lacl-operator control (lanes-3).

operator DNA is quite different than that found for native Lacl Here, the presence of operator appears to compete with con-

(Figure 4B). When the T334C conjugate is formed prior fo O jugate formation, as observed in the AU experiments. Additional

addition, there is a small but significant increase in S (Table 2, bands in these samples as compared to the control lanes are

p < 0.2). This change is larger than that for Lacl under similar also apparent. First, the supershifted band (lowest mobility
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1|2] 3] 4 5-7 8-10 11-13 14-16
AuNC - -] - 2 2 1 1

repressor | L | T | - | -- Lacl T334C Lacl T334C
o' I I 2 2

Super-
shifted
band

Free
repressor
+0'

Free O'

;i |

Figure 5. EMSA of 30 nM repressor conjugates with operator DNA [¥P]-O! (90 nM) is shown with 30 nM Lacl (L) or T334C (T) and 4 nM

gold nanocrystals. This protein concentration was chosen because it is slightly below the stoichiometric concentration forgpesaoncrystal
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 té, fneeddjugated represse®* complex, and a super-shifted band
representing ®bound to conjugate. Lanes-B, no nanocrystal added; 4@nd nanocrystal; 57, Lacl, G added first; 8-10, T334C, O first;

11-13, Lacl, nanocrystal first; 1416, T334C, nanocrystal first.

_ 1000 difference in the intensity of this band is observed between Lacl
Z 800 and T334C.

; 600 ONo AuNC In contrast, when Lacl or T334C are conjugated to gold

& O AuNC first nanocrystals prior to the addition ofGignals are not observed

i‘ 4001 BDNA first at the positions corresponding to unconjugated repressor-O
£ 200 complex nor the gold-nanocrystal-conjugated repressor-O
B complex (lanes 1116). At these repressor concentrations, little

T334C Facl free protein appears to be present to form the unconjugated
repressor-O complex, and assembly of '@epressorgold
Figure 6. Quantification of the intensities of the supershifted bands nanocrystal is precluded, presumably by gold nanocrystal
in the EMSA. Intensities are measured in the region of the gel binding blocking the basic DNA-binding domain. Note that

corresponding to the supershifted band. All areas used were identical, B - . S .
and data from three separate experiments were averaged. The T334cSonjugation prior to Gaddition interferes with both Lacl and

O' first sample is the only one with significant intensity over 1334C binding, suggesting that oriented binding by T334C does

background, demonstrating that T334C can interact with bdtar@ not preclude interaction of the basic N-terminal DNA binding

gold nanocrystal. domain with gold nanocrystals in the absence of operator DNA
_ _ . sequences.

band), which we assign to'®ound to gold nanocrystaprotein Similar to AU, the EMSA data demonstrate that the order of

conjugates (BAUNCeprotein) is more significant in the T334C  addition of reactants is critical for the maintenance of DNA
sample (lanes-810) than for the native repressor, as predicted binding function, presumably due to an electrostatic interaction
from the previous experiments. Visual inspection of the gel with the DNA-binding domain despite the strong nature of the
shows that, in addition to radiolabeled,@his region contains possible T334C goldsulfur bond. However, with addition of

gold nanocrystal-based pink color (data not shown). Quantifica- DNA first, T334C is able to conjugate to the gold nanocrystals

tion of the F?P]-O" signal from this band in Figure 6 shows  through the engineered cysteine and retain significant interaction
that the T334C super-shifted band+8—4-fold more intense with O! as a conjugate.

than the analogous Lacl band, corresponding to enhanced DNA

binding capacity of the T334C conjugate. This difference pscussioN

presumably arises from the ability of®ound T334C to orient

conjugation through the engineered cysteine sulfhydryl. The  We developed a Lacl mutant designed with a solvent-exposed
other observed band in lanes-50 not present in the control  cysteine residue to facilitate directed conjugation through a
lanes is faster migrating and weaker in intensity than the gold—sulfur bond, alleviating the functionally deleterious
unconjugated repressor-operator band; this band is assigned t@onsequences of nonspecific conjugation through the DNA-
two operators binding to a single tetramer. As expected, no binding domain. This mutant, T334C, prevents NaCl-induced
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flocculation at lower concentrations than native Lacl. This (6) Matthews, K. S., and Nichols, J. C. (1998) Lactose repressor
observation suggests that Lacl conjugates through a weaker, protein: functional properties and structuRrog. Nuc. Acid Res.
reversible electrostatic interaction, making it less efficient at ~ Mol. Biol. 58 127-164.

preventing flocculation compared to T334C, which has the (7) Zhou, D., Wang, X., Birch, L., Rayment, T., and Abell, C. (2003)
ability to conjugate through a gotesulfur bond. Furthermore, AFM study on protein immobilization on charged surfaces at the
more radiolabeled repressor is present in the T334C conjugate nanoscale: Toward the fabrication of three-dimensional protein
than the Lacl conjugate after removal of free repressor via nanostructures.angmuir 19 10557-10562.

repeated centrifugation, indicating again that T334C has a(8)FBrewer' 2 H'Z'O(ggom;“'t\)’.v' Réézhg.sot?' M'tc".f”f‘g' M'th’ an(ljd
stronger, more robust interaction with gold nanocrystals than n;ir:)ﬁ:\r:iicle.s(and s)urf;?:ell:a%]gmuir 2'{‘ 9'333_%3%;6‘ e-coated go
Lacl. Precise ratios of protein to nanocrystal were obtained under )

S " . - . - (9) Lewis, M., Chang, G., Horton, N. C., Kercher, M. A., Pace, H. C.,
equilibrium conditions by the sedimentation velocity of conju- Schumacher, M. A., Brennan, R. G., and Lu, P. (1996) Crystal

gates. With this equilibrium technique, both Lacl and T334C  gcture of the lactose operon repressor and its complexes with DNA
exhibit ratios of approximately 10 repressors per nanocrystal, and inducerScience 27112471254,

in good agreement with calculations based on the nanocrystal(10y swint-kruse, L., Elam, C. R., Lin, J. W., Wycuff, D. R., and
and repressor dimensions. Matthews, K. S. (2001) Plasticity of quaternary structure: Twenty-
Analytical ultracentrifugation and EMSA allow characteriza- two ways to form a Lacl dimerProtein Sci. 10262-276.
tion of the interaction of conjugated Lacl and T334C with the (11) Falcon, C. M., Swint-Kruse, L., and Matthews, K. S. (1997)
operator DNA sequenceOLacl conjugates do not interact Designed disulfide between N-terminal domains of lactose repressor
strongly with G in either assay. In contrast, T334C conjugates  disrupts allosteric linkagel. Biol. Chem. 27226818-26821.
associate with ©depending on the order in which the operator- (12) Falcon, C. M., and Matthews, K. S. (1999) Glycine insertion in
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