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Abstract

The hexahistidine (Hisg)/Nickel (11)-Nitrilotriacetic Acid (Ni2*-NTA) system is widely used for
affinity purification of recombinant proteins. The NTA group has many other applications, including
the attachment of chromophores, fluorophores, or nano-gold to Hisg-proteins. Here we explore
several applications of the NTA-derivative, (Ni2*-NTA),-Cy3. This molecule binds our two model
Hisg-proteins, N-ethylmaleimide Sensitive Factor (NSF) and O8-alklyguanine-DNA alkyltransferase
(AGT), with moderate affinity (K ~ 1.5 x 10% M"1) and no effect on their activity. Its high specificity
makes (Ni2*-NTA),-Cy3 ideal for detecting Hisg-proteins in complex mixtures of other proteins,
allowing (Ni2*-NTA),-Cy3 to be used as a probe in crude cell extracts and as a Hisg-specific gel
stain. (Ni2*-NTA),-Cy3 binding is reversible in 10 mM EDTA or 500 mM imidazole but in their
absence, it exchanges slowly (Kexchange ~ 5 X 1076 571 with 0.2 uM labeled protein in the presence
of 1uM Hisg-peptide). Labeling with (Ni2*-NTA),-Cy3 allows characterization of hydrodynamic
properties by fluorescence anisotropy or analytical ultracentrifugation under conditions (e.g. high
ADP absorbance) that prevent direct detection of protein. In addition, fluorescence resonance energy
transfer (FRET) between (Ni2*-NTA),-Cy3-labeled proteins and suitable donors/acceptors provides
a convenient assay for binding interactions and for measurements of donor-acceptor distances.
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Introduction

The utility of the Nickel (I1)-Nitriloacetic Acid (Ni2*-NTA)-based methods for affinity
purification of hexahistidine (Hisg)-containing recombinant proteins was first appreciated over
twenty years ago [1]. Since that time, it has become an almost universal method for purifying
recombinant proteins. Nickle ions are hexacoordinate. Four ligand sites can be occupied by
NTA with the remaining two available for binding the histidines of a Hisg-tag. Because these
interactions have high affinity and selectivity [2], and are easily reversed by treatment with
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imidazole, EDTA, or low pH, Ni2*-NTA-based methodologies have been adapted for a large
number of applications [3]. Ni2*-NTA has been used to immobilize Hisg-tagged proteins on
agarose beads [2], microtiter plates [4], and lipid surfaces [5-9]. It has also been exploited in
protein-labeling schemes where Ni2*-NTA has been coupled to horseradish peroxidase [10],
oligonucleotides [11;12], biotin [13], and nano-gold particles [14;15]. This plethora of
applications of the Ni2*-NTA/Hisg-tag technology is a testament to the value and flexibility
of this metal chelation system.

One particular use of Ni2*-NTA has been in linking it to fluorophores for site-specific labeling
of Hisg-tagged proteins. Katayama and colleagues were one of the first groups to exploit this
approach when they conjugated fluorescein isothiocyanate (FITC) to NTA and used the Ni2*-
NTA-FITC to detect Hisg-tagged proteins [16]. Ebright and colleagues synthesized Ni2*-NTA-
Cy3, NiZ*-NTA-Cy5, (Ni?*-NTA),-Cy3, and (Ni2*-NTA),-Cy5. They showed that the bis-
NTA compounds had 10-100 fold greater affinity for Hisg-tags than did the monovalent
derivatives [17]. Further increase in affinity has been achieved by synthesizing tris-NTA and
tetra-NTA derivatives, although no additional binding advantage was observed for tetra-NTA
derivatives [18]. To date, many different Ni2*-NTA-fluorophore compounds have been
created, each with unique utility for both in vitro and in vivo labeling of Hisg-tagged proteins
[19;20].

In this report, we show how (Ni%*-NTA),-Cy3 can be used as a probe for fluorescence-based
analysis e.g. fluorescence resonance energy transfer (FRET) and anisotropy, and also for
absorbance detection where the absorbance of solution components obscures the spectrum of
an un-modified protein. Two model systems were chosen to illustrate the utility of (Ni2*-
NTA),-Cy3: the N-ethylmaleimide Sensitive Factor (NSF) ATPase, which is required for all
intracellular vesicle trafficking [21] and the DNA repair enzyme O%-Alklyguanine-DNA
alkyltransferase (AGT), which binds DNA cooperatively and repairs O%-alklyguanine residues
[22]. We show that labeling with (Ni2*-NTA),-Cy3 is specific, reversible, and of sufficient
stability for hydrodynamic analyses. (Ni2*-NTA),-Cy3-AGT binding to DNA could be
monitored either by FRET using fluorescein-labeled DNA or by sedimentation equilibrium
analysis where the protein's position was monitored by measuring absorbance at the Am,yx for
Cy3 (550 nm). We further show the value of (Ni2*-NTA),-Cy3 as a probe in analytical
ultracentrifugation experiments performed in the presence of excess ADP or ATP. The high
optical density of nucleotides at 260 nm severely hampers detection of unlabeled protein at
280-295 nm but does not interfere with detection of (Ni2*-NTA),-Cy3-NSF at 550 nm. In
summary, our data demonstrate the value of using (Ni2*-NTA),-fluorophores as optical probes
to monitor a specific protein in a complex mixture where direct detection, through more
conventional methods, would not be possible.

Materials and Methods
(Ni2*-NTA),-Cy3 Synthesis

Ni2*-loaded, bis-NTA-Cy3 ((Ni2*-NTA),-Cy3) was synthesized using a modification of the
method described in [17]. N,Ng-bis (carboxymethyl)-L-lysine hydrate (Sigma, St. Louis, MO)
(26 mg, 100 pmol) was dissolved in 1.6 ml 0.1 M Na,COg3 (pH 11) and added to 1 vial of Cy3
bis-Reactive Dye (200 nmol, GE Healthcare, Piscataway, NJ). After 1 h at room temperature
(RT) inthe dark, the reaction mixture was passed through a Sep-Pak Plus C1g cartridge (Waters,
Milford, MA) and the bound material was eluted with 60% methanol and dried. The mixture
was dissolved in 10% methanol and separated on preparative thin layer chromatography plates
(Uniplate Silica Gel G, Analtech, Newark, DE) using NH,OH:ethanol:water (33:21:6, v/v/v)
as mobile phase. NTA,-Cy3 (R¢ = 0.24) was eluted with H,O and dried. Its identity was
confirmed by mass spectrometry (MALDI-TOF): m/z = 1205.51 (calculated 1205.46). Nickel
ions were loaded into the NTA,-Cy3 as described [17] and the final product, (Ni2*-NTA),-
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Cy3, was dissolved in H,0 and stored at -80°C. The (Ni2*-NTA),-Cy3 product had absorbance
and fluorescence excitation maxima at 553 nm and an emission maximum at 563 nm, consistent
with published values [17]. Dye concentrations were measured by absorbance at 550 nm
(es50 = 1.5 x 10° ML cm1). The typical yield from the reaction was 24% relative to the starting
Cy3 bis-Reactive Dye. (Ni2*-NTA),-Cy5 has been made following this procedure [17] and the
synthesis of other (Ni2*-NTA),-Cy derivatives (i.e. Cy2, Cy5.5, Cy7) is not expected to require
major modifications of this protocol.

Of note, there was a 2-fold increase in fluorescence intensity when (Ni2*-NTA),-Cy3 was
incubated with EDTA, suggesting that Ni2* binding quenches fluorescence. More severe
quenching was seen for the analogous (Ni2*-NTA),-Cy5 compound (data not shown).
Quenching by the coordinated Ni2* has been reported for other Ni2*-NTA-conjugated
fluorescent probes [16;23;24].

Protein, Polypeptide, and DNA Preparations

Hisg-NSF and Hisg-a-SNAP were expressed in the Rosetta pLacl E. coli cells (Novagen/EMD,
Gibbstown, NJ), using the pProEx HT expression vector (Invitrogen, Carlsbad, CA), and
purified as described [25]. Un-tagged NSF was prepared from Hisg-NSF by digestion with
tobacco etch virus (TEV) protease and Hisg-containing fragments were removed with NiZ*-
NTA-agarose beads [26]. The ATPase activity of (Ni2*-NTA),-Cy3-Hisg-NSF or SNAP/
SNARE binding and disassembly assays were performed as in [27]. The molecular weight of
the intact NSF hexamer was ~550 kDa as estimated by size exclusion chromatography (SEC).
NSF and a-SNAP protein concentrations were measured by Bradford protein assay ([28], Bio-
Rad, Hercules, CA). Hisg-human AGT (M, = 21,519) and Hisg-AdaC were expressed in XL-1
Blue E. coli cells (Stratagene, La Jolla, CA). AGT was purified from cell lysates using
Talon® (immobilized cobalt) chromatography as described in [29]. AGT samples were more
than 95% pure as detected by SDS-PAGE (data not shown). AGT concentrations were
measured by absorbance at 280 nm using egg = 3.93 x 10* M1 cm! [30]. Hexahistidine
polypeptide (Hisg-peptide) was obtained from Covance Research Products Inc. (Emeryville,
CA). Single-stranded 26 nucleotide DNA, labeled at the 5’ end with 6-carboxy fluorescein
(FAM) was obtained from Integrated DNA Technologies Inc. (Coralville, IA). The sequence
of this DNA is: 5'-(FAM)-GAC TGA CTG ACT GAC TGA CTG ACT GA-3'. FAM-DNA
samples tested by analytical ultracentrifugation and gel electrophoresis had apparent molecular
weights and mobilities consistent with the monomeric state (data not shown). DNA
concentrations were measured by absorbance at 260 nm using g0 = 3.04 x 10° M1 cm1,
estimated using the Oligo Calc online program [31].

(Ni2*-NTA),-Cy3 Labeling

Hisg-NSF (2~ 4 uM) was incubated with (Ni2*-NTA),-Cy3 (1 mole of dye per mole of NSF
hexamer) at 4°C for 30 min in Buffer A (50 mM HEPES/KOH, pH 7.4, 100 mM KCI, 1 mM
MgCl,, 2 mM B-mecaptoethanol, 5% glycerol) supplemented with 0.5 mM nucleotide (ADP
or AMP-PNP) as appropriate (see below). Hisg-AGT (155 uM) or Hisg-a-SNAP (46 uM) was
incubated with (Ni2*-NTA),-Cy3 (0.5 moles of dye per mole of protein) under similar
conditions in Buffer B (10 mM Tris/HCI, pH 7.5; 150 mM KCI; 2 mM B-mercaptoethanol).
Labeled proteins were resolved from low molecular weight reaction components by SEC on a
column (0.7 x 30 cm) of Sephadex G-50 (Sigma) at 200 ul/min. Excluded fractions were
collected and monitored by Bradford protein assay ([28], Bio-Rad, Hercules, CA) and by
absorbance at 550 nm for Cy3. The degree of protein labeling (dye/protein) in the pooled
fractions was confirmed by comparing the concentration of Cy3 with that of the protein. In all
cases, labeling efficiency, in moles of (NiZ*-NTA),-Cy3 per mole of protein, was within 20%
of the starting ratio suggesting that the labeling procedure is ~80% efficient.
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Fluorescence Measurements

For fluorescence anisotropy measurements of (Ni2*-NTA),-Cy3-Hisg-NSF, reaction mixtures
(400 ul) were incubated in quartz cuvettes for 5 min (or for the indicated times) at 10°C.
Fluorescence anisotropy was determined in a LS 55 Luminescence Spectrofluorometer (Perkin
Elmer, Inc., Waltham, MA) with the slit widths set at 10 nm and the excitation and emission
wavelengths set at 550 and 570 nm, respectively. Anisotropy was calculated from the ratio of
polarized emission intensities (Equation 1).

A= Iy - GIVII

1,,+2GI,, (1)

144

Here I\, represents the intensity observed with vertically polarized excitation and emission,
lyvH the intensity observed with vertically polarized excitation and horizontally polarized
emission and G = Sy,/Sy, the ratio of detector sensitivity to vertically and horizontally polarized
light [32].

For FRET measurements of (Ni2*-NTA),-Cy3-Hisg-AGT or (Ni2*-NTA),-Cy3-Hisg-a-SNAP
and FAM-DNA, reaction mixtures were incubated in quartz cuvettes for 5 min at 10°C. In both
cases FAM-DNA (0.5 uM) was held constant and the labeled protein was varied as indicated
(0 - 12 puM). The slit widths were set at 4 nm and excitation was performed at 450 nm (to
minimize direct excitation of Cy3) in a LS 55 Luminescence Spectrofluorometer. Emission
spectra were recorded from 470 to 650 nm. Emission intensities of FAM-DNA alone (Ip) or
in the presence of (Ni2*-NTA),-Cy3-Hisg-AGT (Ipa) Were measured at 516 nm (Mem, max)-
Values of Ip were corrected for a slight quenching observed with unlabeled AGT (<5% at the
highest [AGT] used in these experiments). FRET efficiency was calculated using E =1 -
(Ipa/lp). Equation 2 was used to fit the data and to estimate Kg s, the inverse of the free
(Ni?*-NTA),-Cy3-Hisg-AGT concentration at the mid-point of the binding transition.

__ Kosl AGT]fee
(1+Ko.5[ AGT]gree) 2

We use K 5 here, instead of the association constant (K) because the value of E does not scale
in a simple way with AGT-DNA binding density. There are three reasons for this. First, weak
binding of (Ni2*-NTA),-Cy3 to Hisg-AGT predicts that some protein molecules that associate
with DNA will not have dye bound. Second, free (Ni2*-NTA),-Cy3 molecules make a small
but measurable contribution to FRET efficiency (described below) that is not due to DNA
binding by AGT. Finally, the relationship between binding density and FRET efficiency is
complicated by the fact that as many as 6 AGT molecules can bind our test DNA. As a result,
E should contain contributions from several (Ni2*-NTA),-Cy3-Hisg-AGT molecules at
different separations from the FAM label on the DNA, weighted by the 1/R® dependence of
Fdérster energy transfer [33]. Methods to evaluate and minimize the first two effects are
discussed below.

Ultracentrifugation Analyses

The sedimentation velocity measurements of (Ni2*-NTA),-Cy3-Hisg-NSF in Buffer A with
either 0.5 mM ADP or AMP-PNP were performed at 10.0 £ 0.1°C in a Beckman XL-A
analytical ultracentrifuge (Beckman, Fullerton, CA), using an An-60 Ti rotor at 15,000 rpm.
Sample volumes were 300 pl with a starting ODssonm, Of between 0.15 and 0.17. The radial
absorbance distributions during the experiment were recorded at 550 nm. The data were fit
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using a numerical solution of the Lamm equation implemented in the program SEDFIT [34;
35].

Sedimentation equilibrium measurements of (Ni2*-NTA),-Cy3-Hisg-AGT (0.5 uM) incubated
with FAM-DNA (14.5 uM) were performed at 4.0 £ 0.1°C and at 15,000, 22,500, and 30,000
rpm. After attainment of equilibrium at each speed, radial absorbance distributions were
recorded at 260 nm and 550 nm. Because AGT binding to single-stranded DNA is positively
cooperative, it can be described by the single-step mechanism nP + D = P,D. In this
mechanism, free DNA (D) is in equilibrium with saturated complex (P,,D) and intermediates
with protein stoichiometries < n are not present at significant concentrations [36]. At
sedimentation equilibrium, the radial distribution of absorbance is given by Equation 3.

()]

In this expression A(r) is the absorbance at radial position p and ap and ap are absorbances of
protein and DNA at the reference position, r,; the reduced molecular weights of AGT protein,
DNA and protein-DNA complexes are given by op = Mp(1 - v p p)z2/(2RT), op = Mp(1 - v pp)
z2/(2RT) and oppp = (NMp + Mp)(1 - vpnp p)2%/(2RT). Here Mp and Mp are the molecular
weights of protein and DNA, nis the protein:DNA ratio of the complex; p is the solvent density,
z, the rotor angular velocity, R is the gas constant and T the temperature (Kelvin). The partial
specific volumes of AGT and DNA were 0.744 mL/g and 0.550 mL/g, respectively [36]. The
partial specific volume of the protein-DNA complex was estimated as previously described
[37].

Site-Specificity and Affinity of (Ni2*-NTA),-Cy3 for Hisg-Tagged Proteins

Hisg-NSF hexamer was incubated with (Ni2*-NTA),-Cy3 in 1:1 molar ratio, then analyzed by
SEC using G-50 Sephadex (Figure 1A). The protein eluted in the excluded volume of the
column (fraction 5-7), as demonstrated by Bradford protein assay of the fractions.
Superimposed on this peak was the profile of absorbance at 550 nm, which corresponds to the
presence of the Cy3 dye. When the Hisg-tag was removed by cleavage with TEV protease prior
to incubation with (Ni2*-NTA),-Cy3, no 550 nm absorbance was detected in the void volume
with the protein; however, the dye was eluted in the included volume (fraction 10-11). When
(NiZ*-NTA),-Cy3-Hisg-NSF was rechromatographed, no free dye was detectable in the
included volume suggesting that the interaction was stable and dissociation of the dye was slow
(data not shown).

To further test its sensitivity and specificity, (Ni2*-NTA),-Cy3 was used to stain Hisg-tagged
and non-tagged proteins resolved in SDS-PAGE gels. Shown in Figure 1B are images of a gel
in which the samples included Hisg-NSF (Lane 1), Hisg-a-SNAP (Lane 2), un-tagged
ovalbumin (Lane 3) and a crude cell extract containing Hisg-AdaC protein [38] (Lane 4). The
gel was stained without fixation for 5 min at room temperature in Buffer B containing 0.02
uM (Ni2*-NTA),-Cy3. The fluorescent image, acquired with a Typhoon 9400 Imager (GE
Healthcare, Piscataway, NJ; Aex = 532 nm, Aem = 580 nm, photomultiplier setting 450 V),
showed clear bands for Hisg-a-SNAP and Hisg-AdaC with a weaker band for Hisg-NSF. The
fluorescence intensities of the bands corresponding to Hisg-a-SNAP and Hisg-NSF were
quantified using ImageQuant 5.2 software (GE Healthcare) and showed a ratio of 3.6 to 1 which
is expected, based on the molar amounts of each protein loaded (0.23 vs. 0.06 nmoles,
respectively). Significantly, no bands were detectable in the lane containing un-tagged
ovalbumin, or in the regions populated by untagged cellular proteins in the sample containing
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crude cell extract (Lane 4). As a control, the same gel was re-stained with Coomassie Blue
R-250 (right panel), revealing a large number of protein bands in the crude extract sample and
single bands with appropriate monomer molecular weights for all purified proteins. Together,
these results demonstrate the selective binding of (Ni2*-NTA),-Cy3 to Hisg-proteins.

Binding of (Ni2*-NTA),-Cy3 to Hisg-Tagged Proteins

Equilibrium constants for (NiZ*-NTA),-Cy3 binding to Hisg-proteins were measured by
fluorescence anisotropy. Hisg-NSF (0 — 8 uM) was added to a solution containing (Ni2*-
NTA),-Cy3 (50 nM) and incubated for 5 min at 10°C. The dependence of the anisotropy ratio
(A = Ag)/(Amax — Ag) on NSF concentration is shown in Figure 2A. Here A is the anisotropy
in the presence of Hisg-Protein, Ag is the anisotropy of free dye and Anax IS the calculated
anisotropy that is asymptotically approached at the highest protein concentrations. For a 1:1
complex, (A — Ag)/(Amax — Ag) is a measure of the fractional binding saturation and Equation
4 relates fractional saturation (Y) and association constant (K) for input concentrations of

protein ([Plior) and dye ([Dltor) [39].

A—-Ay Y_([P]tot+[D](m+1/K) - (([P]t0[+[D]IO[+1/K)2 - 4[P]mt[D]m[)l/2

Amax — Ao 2[ D]y (4)

Fitting Equation 4 to the data in Figure 2A returns K = 1.54 + 0.05 x 106 M-L. This compares
well with values reported for other bis-NTA compounds and is larger than values reported for
mono-Ni2*-NTA probes (0.05-0.1 x 10% M-1) [17; 18].

Dissociation of (Ni2*-NTA),-Cy3 from Hisg-Tagged Proteins

The hallmark of NiZ*-NTA binding to Hisg-proteins is reversibility in the presence of EDTA
or imidazole. This was explored by incubating dye-labeled proteins with either reagent, then
monitoring the time evolution of fluorescence anisotropy (Figure 2B). The dissociation of dye
from (Ni2*-NTA),-Cy3-Hisg-NSF was rapid following addition of 10 mM EDTA (kg ~ 2.0 x
104 571, Slower reactions were observed with 50 mM and 500 mM imidazole. In addition, the
extent of dye release appeared to depend on the imidazole concentration as evidenced by the
different limiting anisotropy values obtained at long reaction times. Closely similar results
were obtained when dissociation of dye from (Ni2*-NTA),-Cy3-Hisg-AGT was measured
(data not shown).

The reversibility of (Ni2*-NTA),-Cy3 binding to Hisg-tagged proteins raises the possibility
that exchange might take place between different Hisg-tags. This has the potential to limit the
utility of (Ni2*-NTA),-Cy3 and related dyes in experiments containing several Hisg-tagged
proteins. To determine whether this was likely to be a problem, the extent and rate of exchange
was examined using 0.2 uM (Ni2*-NTA),-Cy3-Hisg-NSF and various concentrations of His6-
peptide. Addition of Hisg-peptide resulted in a time-dependent decrease in anisotropy,
consistent with dissociation of (Ni2*-NTA),-Cy3 from the NSF protein or with transfer of the
dye to the lower molecular weight Hisg-peptide (Figure 2C). The apparent dissociation rate
increased from 5.3 £ 0.3 x 10651 t0 4.4 + 0.5 x 105 51 as peptide concentration increased
from 1 uM to 200 puM (a 5-to-1,000-fold molar excess over Hisg-NSF); these rate constants
correspond to half-lives of ~50 h in a solution containing 1 uM Hisg-peptide and ~6 hin a
solution containing 200 uM Hisg-peptide. The Kkinetic order of the reaction in [Hisg-peptide]
was determined from the dependence of log kg on log ([Hisg-peptide]) (Figure 2D). The
fractional reaction order (0.40 + 0.03) indicates that more than one mechanism contributes to
this process. The simplest model consistent with these data is one in which ~40% of the
dissociation is attributable to a mechanism that is first order in Hisg-peptide and ~60% is
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attributable to a peptide-independent process. These results indicate that dye-protein lifetimes
can be extended by exclusion of chelators or competing Hisg groups from reaction mixtures.
They also demonstrate a method for determining complex lifetime in the presence of exchange
and they show that at low Hisg concentrations, the lifetime of the labeled species is long enough
to be useful in transport experiments such as analytical ultracentrifugation or SEC.

(Ni2*-NTA),-Cy3 as an Absorbance Probe

Many analytical methods rely on absorbance or fluorescence properties of amino acids for
protein detection. Detection of tryptophan or tyrosine absorbance in the near UV (270-295 nm)
or intrinsic tryptophan fluorescence (Aex ~295 nm, Ay, ~340 nm) can be complicated by the
presence of other chromophores such as nucleotides, nucleic acids, or other proteins that absorb
in this wavelength range. The absorbance spectrum of (Ni2*-NTA),-Cy3 (Amax (@bsorbance)
~ 550 nm) makes it an ideal solution to this problem. This is demonstrated in two different
experimental systems: a sedimentation velocity analysis of NSF in the presence of 0.5 mM
ADP or AMP-PNP, and a sedimentation equilibrium study of AGT-DNA complexes.

1) Detecting protein during sedimentation velocity measurements in the presence of high
nucleotide concentrations

Sedimentation velocity measurements of (Ni2*-NTA),-Cy3-Hisg-NSF were made in Buffer A
containing 0.5 mM ADP (Figure 3A). This nucleotide concentration corresponds to ~ 7.7
Aogo cm™L; this would mask the absorbance of a protein at 280 nm but not that of Cy3 at 550
nm. Analysis of the sedimentation velocity data yielded a sedimentation coefficient
distribution, c(s), that was consistent with a single species of spg,, = 11.6 + 1.5 (Figure 3B).
This value is smaller than ones obtained by Fleming et al. by analytical ultracentrifugation
with interference detection [40], although it accords well with earlier measurements made by
glycerol gradient analysis [41].

In an additional experiment, we compared the sedimentation velocities of NSF in Buffer A
containing AMP-PNP (0.5 mM) with that in the same buffer containing ADP (0.5 mM). NSF
is expected to undergo a conformational switch upon substitution of ATP for ADP, but to date
this has not been detected by hydrodynamic methods [40]. Shown in Figure 3D are the results
of adifferential sedimentation experiment [42;43] in which a sample in buffer containing AMP-
PNP (0.5 mM) was placed in the sample sector of the centrifuge cell and one containing ADP
(0.5 mM) was placed in the reference sector. Samples were carefully matched in ODgggnm and
in volume. As shown in the representative schematic in Figure 3C, small differences in the s-
value of the samples are expected to produce a difference peak in the absorbance profile; if the
protein in the sample sector sediments more rapidly than that in the reference sector, the
difference peak is negative in sign; if the protein in the sample sector sediments more slowly
than that in the reference sector, the sign of the peak is positive. For the NSF samples examined
here, the AMP-PNP-bound conformation sedimented more rapidly than the ADP-bound form
(Figure 3D). The high absorbance of AMP-PNP and ADP solutions and their contributions to
the refractive index of solutions complicate differential sedimentation measurements using
ordinary absorbance or interferometric methods. As shown here, such measurements are
straight-forward using absorbance optics at a wavelength where (Ni2*-NTA),-Cy3 can be
detected without interference from either nucleotide.

2) Detecting protein during sedimentation equilibrium experiments in the presence of DNA

Solutions containing (Ni2*-NTA),-Cy3-Hisg-AGT and 26nt single-stranded DNA were
brought to sedimentation equilibrium at 4 £ 0.1°C and at 15,000, 22,500, or 30,000 rpm. Radial
absorbance distributions were recorded at 260 nm and 550 nm (Figure 4A and B, respectively).
The smooth curves shown in panels A and B are fits of Equation 3 to the data, returning a
stoichiometry of 6.1 £ 0.1 for data obtained at 260 nm and 5.9 + 0.3 for data obtained at 550
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nm. Both values are in good agreement with the expectation that AGT should form a 6:1
complex on 26nt DNA, based on its binding site size of 4nt/protein [36].

(Ni2*-NTA),-Cy3 as a FRET Acceptor

The AGT-DNA interaction was used to test the value of (Ni2*-NTA),-Cy3 as a FRET acceptor
in vitro, with 6-carboxyfluorescein (FAM) labeled DNA (FAM-DNA) as a donor (Figure 5).
FAM and Cy3 are a well-characterized FRET pair with Férster distance Rg ~ 63A [44]. FAM
(Aex, max = 495 nm) was excited at 450 nm, to minimize direct excitation of Cy3, and emission
spectra were recorded (Figure 5A). In the absence of (NiZ*-NTA),-Cy3-Hisg-AGT, the
spectrum of FAM-DNA had a strong emission maximum at 516 nm; emission was quenched
slightly by addition of a saturating concentration (8 uM) of unlabeled Hisg-AGT. When excited
at 450 nm, a solution containing 8 uM (Ni2*-NTA),-Cy3-Hisg-AGT, but no FAM-DNA,
exhibited no detectable fluorescence at 516 nm and only a small peak at the Apax for the Cy3
emission (566 nm). When samples contained both FAM-DNA and (Ni2*-NTA),-Cy3-Hisg-
AGT, the emission at 516 nm was strongly decreased while that at 566 nm increased, as
expected for energy transfer from FAM to Cy3 (Figure 5B). However, because Cy3 emission
was not efficient (discussed below), FRET was detected as decreased emission from FAM.
The dependence of FRET on (Ni2*-NTA),-Cy3-Hisg-AGT was modeled as the binding of free
(Ni2*-NTA),-Cy3-Hisg-AGT in solution (essentially no FRET) to DNA at a position close
enough to the FAM moiety for FRET to occur. Analysis based on this model (Equation 2) gave
Ko.5=5.54 +0.54 x 10° M1 (Figure 5C); this value is similar to association constants for AGT
binding to single-stranded DNAs, measured under similar solution conditions by EMSA and
analytical ultracentrifugation [36].

To assess the specificity of the FRET measurements, two experiments were performed. First,
we examined the energy transfer between FAM-DNA and free (Ni2*-NTA),-Cy3 (Figure 5C).
Although less efficient than that observed for samples containing (Ni2*-NTA),-Cy3-Hisg-
AGT, FRET amplitudes were significant when free dye concentrations were in the micromolar
range, and reached E ~ 0.45 at the highest concentrations tested (12 uM). However, a smaller
FRET efficiency is predicted from the free dye in the presence of Hisg-containing protein
because a substantial fraction of the dye is bound by protein. To show this, we used Equation
2 and the measured dye-Hisg association constant (K = 1.54 + 0.05 x 10% M1) to calculate the
concentrations of free (Ni2*-NTA),-Cy3 for 1:1 dye-protein mixtures, as functions of protein
concentration. We then used the concentration-dependence of the FRET efficiency observed
for free dye to predict the FRET efficiency attributable to free dye in equilibrium with a protein
that does not bind DNA. As shown in Figure 5C (4p), these values are much smaller than those
observed for free (Ni2*-NTA),-Cy3 (m), reaching only E ~ 0.08 for an equilibrium mixture
containing 12 uM dye and 12 pM Hisg-protein. To test the accuracy of this prediction we
measured FAM-DNA fluorescence in the presence of (Ni2*-NTA),-Cy3-Hisg-a-SNAP (e), a
protein that is not expected to interact with DNA. FRET is detectable in these solutions as the
concentration of (Ni2*-NTA),-Cy3-Hisg-a-SNAP is increased, but the amplitude of this effect
is only slightly greater than that predicted by our calculations for a non-DNA binding protein,
reaching E ~ 0.2 at 12uM protein. Together, these results suggest that the FRET observed for
the system containing (Ni2*-NTA),-Cy3-Hisg-AGT and FAM-DNA is unlikely to be
dominated by contributions from unbound (Ni2*-NTA),-Cy3 and FAM-DNA. While these
control experiments show that chance interactions between fluorophores in solution can cause
some level of energy transfer, the FRET efficiency obtained with FAM-DNA and (Ni2*-
NTA),-Cy3-Hisg-AGT cannot be accounted for by these random events and therefore must
reflect DNA binding by the dye-protein complex.
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(Ni2*-NTA),-Cy3 Does Not Affect the Activities of the Model Proteins

The ATPase and SNAP/SNARE binding and disassembly activities of NSF were assayed, to
determine whether labeling with (Ni2*-NTA),-Cy3 affected NSF function. Compared to
unlabeled protein, (NiZ*-NTA),-Cy3-Hisg-NSF had similar basal and SNAP/SNARE-
stimulated ATPase activities (Figure 6). In addition, the (Ni2*-NTA),-Cy3 did not appear to
affect NSF's ability to bind to SNAP/SNARE complexes in the presence of the non-
hydrolyzable ATP analogue, AMP-PNP, or to disassemble them in the presence of ATP (data
not shown). The DNA binding activities of (Ni2*-NTA),-Cy3-AGT could also be compared
with those of the unlabeled protein. The 6:1 stoichiometry detected at sedimentation
equilibrium (Figure 4) is consistent with the saturating binding density of 4nt/protein observed
with unlabeled protein [45], while analysis of binding detected by FRET between FAM-labeled
DNA and (Ni2*-NTA),-Cy3-AGT (Figure 5) returned an estimate Kg 5 = 5.54 + 0.54 x 10°
M- that is in good agreement with the monomer-equivalent association constant measured for
unlabeled protein [36]. Together, these results suggest that under appropriate conditions,
labeling with (Ni2*-NTA),-Cy3 has little effect on the hydrodynamics, ligand-binding
properties, and enzymatic activities of target proteins.

Discussion

Here we have shown that (Ni2*-NTA),-Cy3 can be used as a chromophore to label Hisg-tagged
proteins and to detect them under solution conditions in which the native absorbance and
fluorescence signals of proteins are obscured. This approach should be particularly valuable
for the analysis of individual protein components in complex mixtures by techniques such as
analytical ultracentrifugation, SEC, or gel electrophoresis. The same label can be used for
fluorescence-based assays that detect anisotropy or FRET ([17], this work) adding greatly to
the utility of this strategy. The labeling procedure targets the Hisg-motif, widely used as a
means of protein purification by immobilized metal affinity chromatography. The labeling
reaction itself is gentle and, in the presented examples, does not appear to change the
hydrodynamic, enzymatic, or interaction properties of the protein that is labeled. The very large
number of proteins that have been purified under native conditions by immobilized metal
affinity chromatography suggests that labeling with (Ni2*-NTA),-Cy3 and related compounds
will be innocuous in the majority of cases.

The binding of (Ni2*-NTA),-Cy3 appears to be quite specific, as shown by stable complex
formation with Hisg-tagged proteins, its easy removal from a solution of non-tagged protein
by SEC (Figure 1A) and its inability to stain non-tagged proteins in an SDS-PAGE gel at a
concentration of (Ni2*-NTA),-Cy3 that labels Hisg-tagged proteins to saturation (Figure 1B).
However, experience with Ni2*-NTA-affinity chromatography suggests that some proteins that
lack an artificial Hisg moiety may bind (Ni2*-NTA),-Cy3 [46]. In particular, protein motifs
rich in residues with known affinities for transition metals (e.g., His or Cys may retain (Ni2*-
NTA),-Cy3). These proteins represent one potential limitation on the applicability of these
(Ni2*-NTA),-chromophoric labels and thus justify the routine inclusion of the controls
described in this paper. A second limitation, illustrated by our FRET experiments, is the
relatively weak binding of (Ni2*-NTA),-Cy3 to Hisg-motifs. This can result in significant
concentrations of free (Ni2*-NTA),-Cy3 dye and/or dye-free protein. The experiments shown
in Figure 5C allow evaluation of the contributions of free dye to the FRET signal. They illustrate
how Equation 4 can be used to calculate the fractional saturation of protein with dye from
known dye and protein concentrations and the dye-protein equilibrium constant. We are
currently evaluating strategies to improve the affinity of (Ni2*-NTA),-Cy3 for Hisg-tagged
proteins, including modest increases in solution pH and the substitution of other transition
metals for Ni2*.
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In the absence of exchange, (Ni2*-NTA),-Cy3-complexes with Hisg-tagged proteins are
kinetically stable. We detected no dissociation during a typical SEC run (duration ~1 h) or
during sedimentation velocity experiments (duration ~8 h) and only a trace of free dye was
detected at the end of a sedimentation equilibrium run with labeled AGT protein (duration 48
h). The stable binding of (Ni2*-NTA),-Cy3 overcomes a major drawback of mono-NTA
probes, which dissociate rapidly from Hisg-tags [17;18]. Although binding stability may be
increased further when > 2 Ni2*-NTA moieties are conjugated to fluorophores [18], the
probability of protein crosslinking by multivalent NTA groups is also expected to increase.
Thus the (Ni2*-NTA),-linkage is a compromise that offers good labeling efficiency and few
undesirable side-reactions. The slow exchange properties of the Hisg-(Ni2*-NTA),-dye
complex, especially at low concentrations of Hisg groups, should make it possible to trace
different proteins with several different (Ni2*-NTA),-linked chromophores in one solution.
Experiments are underway to test this possibility. However, because label-exchange rates
depend, at least partially, on the concentration of Hisg-tag, very high concentrations of tagged
proteins could result in exchange that is rapid enough to interfere with some methods of
analysis.

The remarkable fluorescence quenching by coordinated Ni2* is a feature of this labeling system
that deserves further exploration. We noticed that fluorescence intensity was increased 2-fold
when EDTA was incubated with (Ni2*-NTA),-Cy3 and an even greater fluorescence
enhancement (~5-fold) was observed when EDTA was added to (Ni2*-NTA),-Cy5 (data not
shown). Since Ni2* chelates can be FRET acceptors [23;47], increasing the distance from NTA
to fluorophore may improve quantum yield. Huang et al. put a PEG 2000 spacer between
fluorescein and tri-NTA and found that the addition of Ni2* caused only slight decrease in
fluorescence intensity [48]. This feature must be taken into account when designing future
fluorescent probes.

In conclusion, selective chromophore (or fluorophore)-labeling of Hisg-tagged proteins by
(NiZ*-NTA),-linked dyes promises to be a convenient method to detect proteins and to
characterize their structures and interactions in solution. Because the current generation of
(Ni2*-NTA),-Cy3 or -Cy5 compounds absorb outside of the UV spectral envelopes of
nucleotides, native proteins, and nucleic acids, they have the potential to allow study of
interactions in solutions that approach biological complexity.
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Figure 1. Specific interactions of (Ni2+-NTA)2-Cy3 with Hisg-proteins

(A) Analytical chromatography on Sephadex G-50. Hisg-NSF or un-tagged NSF were pre-
incubated with (Ni2*-NTA),-Cy3 at a 1:1 dye:NSF hexamer ratio. Elution was monitored at
550 nm (black solid line for Hisg-NSF; black dashed line for NSF) and using the Bradford
protein assay [28] at 595 nm (gray solid line for Hisg-NSF; gray dashed line for NSF). (B)
Detection of Hisg-proteins after SDS-PAGE. Samples were prepared and electrophoresis was
performed as described. Samples were Hisg-NSF (0.06 nmol, 5 pg, Lane 1), a-SNAP (0.23
nmol, 8 ug, Lane 2), ovalbumin (0.11 nmol, 5 pg, Lane 3) and E. coli cell extract containing
Hisg-AdaC protein (total protein 50 ug, Lane 4). Left panel: fluorescence image of gel (Aex =
532 nm, A¢m = 580 nm), obtained with a Typhoon 9400 imaging system. Right panel: visible
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light image of the same gel after staining with Coomassie Blue R-250. Relative molecular
weights (kDa) of protein standards are indicated in the margin.
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Figure 2. Equilibria and kinetics of (Ni2+-NTA)2-Cy3 interaction with Hisg-proteins

(A\) Titration of 50 nM (Ni2*-NTA),-Cy3 with increasing Hisg-NSF detected by fluorescence
anisotropy. Reactions were carried out in (Buffer A + 0.5 mM ADP) at 10°C. The smooth curve
is a fit of Equation 4 to the data. (B) Dissociation kinetics of the (NiZ*-NTA),-Cy3-Hisg-NSF,
monitored by fluorescence anisotropy. Reactions were carried out under the same conditions
as (A) with the indicated concentration of EDTA or imidazole. (C) Kinetics of dye exchange
between Hisg groups. (Ni2*-NTA),-Cy3-Hisg-NSF was incubated with 0-200 uM Hisg-peptide
and fluorescence anisotropy was measured as a function of time. Concentrations of Hisg-
peptide were OuM (o), 1uM (m), 10uM (A), 20uM (o), 100uM (o) and 200uM (A). The lines
are linear fits to the data. (D) The dependence of log (initial rate) on log [Hisg-peptide] for dye
exchange between Hisg groups. The line is a linear fit of the data from panel C with a slope of
0.40 + 0.03.
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Figure 3. Sedimentation velocity characterization of proteins in the presence of interfering
substances

(A) Sedimentation velocity analysis of (Ni2*-NTA),-Cy3-Hisg-NSF in the ADP-bound state.
Samples contained (Ni2*-NTA),-Cy3-Hisg-NSF dissolved in Buffer A containing 0.5 mM
ADP. Sedimentation was performed at 15,000 rpm and 10°C. Radial absorbance scans
separated by 16 min are shown; the smooth curves are fits of the c(s) model to this data,
returning the spectrum of s-values shown in panel B. The small, symmetrical residuals
demonstrate that this model is consistent with the data. (B) The c(s) spectrum derived from the
data set shown in panel A; s-values have been corrected to reflect water density and viscosity
at 20°C (sg0,w) as described [49]. (C) Differential sedimentation to detect small differences in
s-value: a schematic demonstrating the principle of the experiment. Absorbance profiles of
samples differing in s-value and diffusion coefficient. If these were present in the sample (S)
and reference (R) sectors as indicated, the difference profile (S-R) would be as indicated. (D)
Differential sedimentation of the AMP-PNP and ADP forms of (Ni2*-NTA),-Cy3-Hisg-NSF.
Solutions placed in the sample and reference sectors were matched for ODs50nm and volume.
In addition to protein and buffer, the solution in the sample sector contained 0.5 mM AMP-
PNP while that in the reference sector contained ADP. The scan, taken after 80 min of
sedimentation, indicates that NSF in its AMP-PNP-bound form sediments more rapidly than
the ADP-bound form.
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Figure 4. Detection of protein in the presence of DNA at sedimentation equilibrium
Sedimentation equilibrium data for solutions containing AGT and 26 nt DNA, taken at 4 + 0.1
°C. (A) Data taken at 260 nm. (B) Data taken at 550 nm. Samples contained DNA (5 x 10°7
M) and AGT (1.45 x 10"5 M) in Buffer B. Radial scans acquired at 15,000 (A ), 22,500 (m),
and 30,000 (e) rpm are shown. The smooth curves correspond to fits of Equation 3 to each
data set. (For the 550 nm data (B), the term for free DNA in Equation 3 was set to zero.) The
small residuals, symmetrically distributed about zero (upper panel), indicate that the
cooperative nP + D <= P,D model is consistent with the observed mass distributions in these
samples.
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Figure 5. Detection of fluorescence resonance energy transfer between FAM-labeled DNA and
(Ni?*-NTA)»-Cy3-Hisg-AGT

(A) FAM-DNA (0.5 uM) was incubated with (Ni2*-NTA),-Cy3-Hisg-AGT (8 uM; solid grey)
at 10°C for 5 min. FAM-DNA alone (solid black), FAM-DNA plus unlabeled AGT (8 uM;
dashed black), and (Ni2*-NTA),-Cy3-Hisg-AGT (8 uM; dashed grey) were used as controls.
The samples were excited at 450 nm and the fluorescence intensities (470-650 nm) were
recorded. (B) Titration of 0.5 uM FAM-DNA with (Ni2*-NTA),-Cy3-Hisg-AGT (0-12 uM).
Fluorescence intensities (470-650 nm) were recorded and background intensities (FAM-DNA
plus unlabeled AGT) were subtracted. (C) Characterization of the AGT-DNA interaction.
FRET efficiencies (E = 1 - Ipa/lp) were determined as described in Methods. The dependence
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of E on the concentration of (NiZ*-NTA),-Cy3-Hisg-AGT (A ) was fit using Equation 2. In
control experiments, FAM-DNA (0.5 uM) was incubated with free (Ni2*-NTA),-Cy3 (m) or
(Ni2*-NTA),-Cy3-Hisg-a-SNAP (e) at the indicated concentrations and the FRET efficiencies
(E) are plotted. The free concentrations of (Ni2*-NTA),-Cy3 were calculated for 1:1 dye-
Hisg protein mixtures using Equation 4, with K = 1.54 x 108 M-1 (see Figure 2). FRET
efficiencies attributable to the free dye fraction were predicted using the experimental
dependence of E on (Ni2*-NTA),-Cy3 concentration (m) and are plotted as a function of the
input (total, bound + free) dye concentration (4p).
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Figure 6. Labeling with (Ni2+-NTA)2-Cy3 has little effect on NSF activities

(A) ATPase activity of (Ni2*-NTA),-Cy3-Hisg-NSF. Basal (gray bar) and SNAP/SNARE
(7S)-stimulated-ATPase (black bar) activities of wild-type Hisg-NSF (NSF-WT) and (Ni2*-
NTA),-Cy3-Hisg-NSF were measured (n=2) and values normalized to that of the wild-type
protein.
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