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General. Biotin (a gift from Tanabe USA) was dissolved in DMSO at 100 mM. Biotin-adenosine monophosphate (biotin-AMP) was synthesized as described1 and stored lyophilized at –20ºC. Aliquots of biotin-AMP were prepared in PBS at 1mM and stored at –20ºC for use within a month. SDS-PAGE was performed at 200 V with the gel box (X Cell SureLock, Invitrogen) surrounded by ice to prevent dissociation of the streptavidin subunits during electrophoresis. 

Plasmid construction. Wild type core streptavidin in pET21a(+) (Novagen) was a kind gift from P.Stayton (University of Washington, Seattle)2. Mutations in streptavidin were generated by QuikChangeTM (Stratagene) using the following primers and their reverse complements: 5′-ggcacctggtacgcccagctgggagacaccttcatcgttac to introduce N23A and S27D, 5′-tctgaccggtacctacgaagccgctgttggtaac

gctgaat to introduce S45A, and 5′-cgctcactccgctatcacctggtctggcc to introduce T90I. Mutations were confirmed by DNA sequencing. To generate the alive streptavidin subunit (A), six histidine residues were added to the C terminus by PCR of streptavidin using the primers 5′-tccagaattcgtaactaactaaaggaga and 5′-agac

aagcttttattaatggtggtgatggtgatgggaagcagcggacggttt. This PCR product was cloned into the BamHI and HindIII sites of pET21a(+)-streptavidin2. AP-neuroligin 1 was generated from pEGFP-G1 containing mouse neuroligin-1 3 by replacing GFP with the acceptor peptide (AP)4 at the AgeI and BglII sites, using the primers 5′-CCGGTCggcctgaacgatatcttcgaggcccagaagatcgagtggcacgagA and 5′-GATCTctcgtgccactcgatcttctgggcctcgaagatatcgttcaggccGA, so that AP would be at the N terminus of neuroligin-1. To make Ala-neuroligin-1, the lysine in the AP was mutated to alanine by QuikChangeTM using the primers previously described4. The construction of AP-CFP-TM and Ala-CFP-TM plasmids has already been reported4.

Streptavidin tetramer distribution. The binomial distribution predicts for a 3:1 mixture of D and A that the following ratio of tetramers would be formed: D4 32%, A1D3 42%, A2D2 21%, A3D1 5%, A4 0.4%. From densitometry of Fig. 1d, the following distribution was observed: D4 28%, A1D3 35%, A2D2 25%, A3D1 11%, A4 not detected. 


The same calculation would also give the predicted result for the crude approach to generating monovalent streptavidin: titration of three molar equivalents of biotin per streptavidin tetramer, i.e. only 42% of tetramers would have the desired three sites filled with biotin, while 21% would have two sites filled with biotin and so could cause cross-linking.

Fluorophore conjugation to streptavidin. Streptavidin and its variants were labeled with Alexa Fluor 568 by adding 1/10 volume of 1 M NaHCO3 pH 8.4 and then a 10-fold molar excess of Alexa Fluor 568 succinimidyl ester (Molecular Probes) (stock dissolved at 1mg/mL in dry dimethylformamide) and incubating for 4 h at room temperature. Free dye was separated on a NAP5 column (GE Healthcare), following manufacturer’s instructions. Fractions containing labeled protein, determined by running boiled samples on a 16% SDS-PAGE gel, were pooled and free dye was further removed by two rounds of dialysis in PBS.

Mass spectrometry. Biospin columns (Bio-Rad) were equilibrated by spinning 5 times in 500 μL of 15 mM ammonium acetate pH 7.8 at 1000 g for 2 min. Then 30-50 μL of 30 μM protein in PBS was buffer-exchanged into 15 mM ammonium acetate pH 7.8, using the pre-equilibrated Biospin columns, by spinning for 20 s at 1000 g. To ensure that PBS was completely removed, the flow-through was again buffer-exchanged with a second pre-equilibrated column for 20 s. This procedure also removed free biotin when the starting 30 μM streptavidin forms were incubated with 200 μM biotin. Less than 2 min before introducing into the mass spectrometer, the buffer-exchanged samples were diluted with a solution of 1:1 15 mM ammonium acetate pH 7.8 and 78% acetonitrile, 0.01% trifluoroacetic acid. 

An Advion nanospray robot with a back-pressure of 0.45 Psi introduced the samples into the mass spectrometer, an 8.5 Tesla custom-built Electrospray Ionization-Fourier Transform Mass Spectrometer5. To visualize the non-covalent tetramers and non-covalent biotin binding in the high m/z range, the following settings were used: Chirp rate = 750 Hz, Amplitude = 0.5 V p-p, Tube lens = 200 V, Capillary heater = 2 V, Quad filter =  –20 V, Skimmer = 0 V, Capillary offset = 34 V, X-fer =  –110 V, Leak gas = 4.2x10-5 Torr. The capillary heater was kept low and the Quad filter and Skimmer were kept either high or off to prevent subunit dissociation. The transfer was set to this low value of –110 V in order to visualize the high m/z region.
The masses were calculated manually by first determining the charge state. The final mass was determined by multiplying the observed m/z by the charge and subtracting the mass corresponding to the addition of protons to give that charge. For example, for the 15+ charge state of D4 an m/z of 3,534.159 was obtained. (15x3,534.159)–(15x1.00727) gave a mass for this ion of 52,997 Da. This calculation was repeated for each charge state and the mean and standard deviation reported. The spectra were calibrated with tetrameric streptavidin, after its monomer mass was determined under denaturing conditions (Mr = 13,271.4 Da). Average masses were predicted from the DNA sequence, using the ExPASy PeptideMass calculator and assuming removal of the N-terminal formyl-methionine.

Kd measurements. The Kd values of A1D3, A2D2 and A4 were obtained using a previously described competition assay2. In this paper2 it was also shown that wild type streptavidin and streptavidin with a 6His-tag (A4) have identical Kd values for biotin. Streptavidin concentration was determined in PBS from OD280 using ε280 of 34,000 M-1cm-1 6. Wild type streptavidin (without a 6His-tag) was depleted of the small amount of co-purifying monomeric streptavidin by gel filtration. Fully tetrameric wild type streptavidin (50 nM each subunit) was mixed with 20 nM [8, 9 3H]biotin (Amersham) and 0-1.4 μM of competing A1D3, A2D2 or A4 in PBS pH 7.0. Mixtures were incubated at 37°C for 20 h to allow sufficient time for equilibration. To separate the 6His-tagged A1D3, A2D2 or A4 from wild type streptavidin, an equal volume of a 50% slurry of Ni-NTA beads (Qiagen) in PBS with 15 mM imidazole was added. After 1 h at room temperature, the beads were cleared by centrifugation at 15,600 g for 1 min. Aliquots were taken from the supernatant containing the biotin-bound wild type streptavidin and combined with an equal volume of 10% SDS in water. Samples were heated to 95°C for 30 min and then counted in a Beckman Coulter LS6500 Liquid Scintillation Counter. The Kd ratio was obtained with Matlab (Mathworks) using the formula previously described2. The affinity of A1D3 was calculated from this Kd ratio multiplied by the previously determined Kd of wild type streptavidin for biotin of 4.0x10-14M 7 and divided by four, since only one of the four subunits of A1D3 showed substantial biotin binding. The affinity of A2D2 was calculated by dividing the Kd ratio by two.

It was difficult to detect biotin binding by D4 using a competition assay against wild type streptavidin, because of its extremely low binding affinity, and so the following assay was used instead to determine the Kd 8: 24 μM D4 was incubated with 0-1.5 mM [3H]biotin in 100 μL total volume. After incubation at room temperature for 20 h, the protein was precipitated by adding 200 μL 0.2 M ZnSO4 followed by 200 μL 0.2 M NaOH. The protein precipitate was pelleted by centrifugation at 16,500 g for 5 min. The biotin bound by D4 was calculated from the total added [3H]biotin minus the [3H]biotin left in the supernatant. The Kd was obtained using non-linear regression analysis (one-site binding hyperbola) with SigmaPlot (Systat Software).

Off-rate assays. The off-rate of biotin-4-fluorescein from streptavidin was measured in PBS with 20 mM HEPES pH 7.4 (PBS-H) using a Safire plate-reader and XFluor4 software (Tecan US) with 494 nm excitation and 527 nm emission. The binding of biotin-4-fluorescein to an excess of streptavidin results in quenching of fluorescein emission9. As the biotin-4-fluorescein dissociates, the fluorescence recovers. The assay was performed in the presence of excess biotin so that sites left open by biotin-4-fluorescein dissociation would be immediately re-filled by biotin. Streptavidin tetramer at 1 μM in 10 μL PBS-H was added to 12 nM biotin-4-fluorescein (Molecular Probes) in 170 μL PBS-H and incubated for 30 min at 37ºC. 20 μL PBS-H or 20 μL PBS-H + 10 mM biotin was then added and recording immediately started, with incubation at 37ºC. Percentage dissociation was calculated as (signal with biotin – signal without biotin)/(mean maximal signal of T90I with biotin – initial T90I signal without biotin) x100. The concentration of competing biotin was saturating, since reducing the biotin concentration ten-fold produced indistinguishable dissociation rates (data not shown). 
To determine the off-rate of biotin (rather than a biotin conjugate) from A1D3, 10 nM [3H]biotin was pre-incubated with 1 μM A1D3 or wild type streptavidin for 20 min at 37ºC 2. Dissociation was then initiated by addition of cold biotin at a final concentration of 50 μM and time-points taken over 5 h at 37ºC. 50 μL aliquots were removed and added to 200 μL 0.2M ZnSO4 chilled on ice, followed by 200 μL 0.2 M NaOH. The protein precipitate was pelleted by centrifugation at 16,500 g for 5 min, and [3H]biotin in the supernatant was measured by liquid scintillation counting. Data were plotted as ln(fraction bound) versus time, and fit to a straight line by linear regression. Dissociation rates were deduced from the slope of the line and the equation:

 ln(fraction bound) = –koff(t) 

where fraction bound = (total [3H]biotin – free [3H]biotin at timepoint) / (total [3H]biotin – free [3H]biotin before cold biotin chase).

Thermostability assay. 2.3 μM wild type streptavidin or chimeric streptavidin in PBS was heated at the indicated temperature for 3 min in a PTC-200 PCR machine (MJ Research) and then immediately placed on ice10. Samples were mixed with 6x SDS-PAGE loading buffer and loaded onto a 16% polyacrylamide gel. 
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