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SUMMARY:  22 
The study details the methodology of FRET mapping including the selection of labeling sites, 23 
choice of dyes, acquisition, and data analysis. This methodology is effective at determining 24 
binding sites, conformational changes, and dynamic motions in protein systems and is most 25 
useful if performed in conjunction with existing 3-D structural information. 26 
 27 
ABSTRACT: 28 
Förster resonance energy transfer (FRET) is an established fluorescence-based method used to 29 
successfully measure distances in and between biomolecules in vitro as well as within cells. In 30 
FRET, the efficiency of energy transfer, measured by changes in fluorescence intensity or lifetime, 31 
relates to the distance between two fluorescent molecules or labels. Determination of dynamics 32 
and conformational changes from the distances are just some examples of applications of this 33 
method to biological systems. Under certain conditions, this methodology can add to and 34 
enhance existing X-ray crystal structures by providing information regarding dynamics, flexibility, 35 
and adaptation to binding surfaces. We describe the use of FRET and associated distance 36 
determinations to elucidate structural properties, through the identification of a binding site or 37 
the orientations of dimer subunits. Through judicious choice of labeling sites, and often 38 
employment of multiple labeling strategies, we have successfully applied these mapping 39 
methods to determine global structural properties in a protein-DNA complex and the SecA-40 
SecYEG protein translocation system. In the SecA-SecYEG system, we have used FRET mapping 41 
methods to identify the peptide-binding site and determine the local conformation of the bound 42 
signal sequence peptide. This study outlines the steps for performing FRET mapping studies, 43 
including identification of appropriate labeling sites, discussion of possible labels including non-44 
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native amino acid residues, labeling procedures, how to perform measurements, and 45 
interpreting the data. 46 
 47 
INTRODUCTION:  48 
For proteins, elucidation of dynamics along with 3-dimensional (3-D) structural knowledge leads 49 
to an enhanced understanding of structure-function relationships of biomolecular systems. 50 
Structural methods, such as X-ray crystallography and cryogenic electron microscopy, capture a 51 
static structure and often require the determination of multiple structures to elucidate aspects 52 
of biomolecule binding and dynamics1. This article discusses a solution-based method for 53 
mapping global structural elements, such as binding sites or binding interactions, that are 54 
potentially more transient and less easily captured by static methods. Strong candidate systems 55 
for this methodology are ones in which a 3-D structure has been previously determined by X-ray 56 
crystallography, NMR spectroscopy, or other structural methods. In this case, we take advantage 57 
of the X-ray crystal structure of the SecA-SecYEG complex, a central player in the protein general 58 
secretory pathway, to map the location of a signal peptide binding site using förster resonance 59 
energy transfer (FRET) prior to the transport of the preprotein across the membrane2. 60 
Manipulation of the biological system through genetic modifications coupled with our knowledge 61 
of the 3-D structure enabled the determination of the conformation of the signal sequence and 62 
early mature region immediately prior to insertion into the channel 3.  63 
 64 
FRET involves the radiation less transfer of energy from one molecule (donor) to another 65 
(acceptor) in a distance-dependent fashion that is through space4,5. The efficiency of this transfer 66 
is monitored through either a decrease in donor or an increase in acceptor fluorescence intensity. 67 
The efficiency of energy transfer can be described as  68 

E = R0
6/(R0

6 + R6) 69 
in which the R0 value is the distance at which the transfer is 50% efficient6. The technique has 70 
previously been described as a molecular ruler and is effective at determining distances in the 71 
2.5–12 nm range, depending on the identity of the donor-acceptor dyes4,7–9. The donor 72 
fluorescence intensities and lifetimes with or without acceptor allow determination of transfer 73 
efficiencies and consequently, distances5,8. Due to the availability of the technology, sensitivity 74 
of the method, and ease of use, FRET has also found broad application in such areas as single-75 
molecule fluorescence spectroscopy and confocal microscopy6. The advent of fluorescent 76 
proteins such as green fluorescent protein has made the observation of intracellular dynamics 77 
and live-cell imaging relatively facile10,11. Many FRET applications such as these are discussed in 78 
detail in this study.  79 
 80 
In this study, we particularly focus on the use of FRET measurements to yield distance values to 81 
determine structural details. Previously, FRET measurements have been effectively used to 82 
determine the conformation of DNA molecules when bound to protein12–14, the internal 83 
dynamics of proteins, and protein binding interactions15–17. The advantages of this method lie in 84 
the ability to determine flexible and dynamic structural elements in a solution with relatively low 85 
amounts of material. Significantly, this method is particularly effective when used in conjunction 86 
with existing structural information and cannot be used as a means of 3-D structure 87 
determination. The method provides the best insight and refinement of structure if the work 88 



   

builds on existing structural information often coupled with computational simulation18,19. Here, 89 
the use of distances obtained from steady-state and time-resolved FRET measurements is 90 
described to map a binding site, the location of which was not known, on an existing 91 
crystallographic structure of the SecA-SecYEG complex, major proteins in the general secretory 92 
pathway3.  93 
 94 
The general secretory pathway, a highly conserved system from prokaryotes to eukaryotes to 95 
archaea, mediates the transport of proteins either across or into the membrane to their 96 
functional location in the cell. For Gram-negative bacteria, such as E. coli, the organism used in 97 
our study, proteins are inserted into or translocated across the inner membrane to the periplasm. 98 
The bacterial SecY channel complex (termed the translocon) coordinates with other proteins to 99 
translocate the newly synthesized protein, which is directed to its correct location in the cell 100 
through a signal sequence typically located at the N-terminus20,21. For proteins bound for the 101 
periplasm, the ATPase SecA protein associates with the exit tunnel of the ribosome, and with the 102 
preprotein after approximately 100 residues have been translated22. Along with the SecB 103 
chaperone protein, it maintains the preprotein in an unfolded state. SecA binds to the SecYEG 104 
translocon, and through many cycles of ATP hydrolysis, facilitates protein transport across the 105 
membrane23,24.  106 
 107 
SecA is a multi-domain protein that exists in cytosolic and membrane-bound forms. A 108 
homodimeric protein in the cytosol, SecA consists of a preprotein binding or cross-linking 109 
domain25, two nucleotide-binding domains, a helical wing domain, a helical scaffold domain, and 110 
the two helix finger (THF)26–29 (Figure 1). In previous crystallographic studies of the SecA-SecYEG 111 
complex, the location of the THF suggested that it was actively involved in protein translocation 112 
and subsequent cross-linking experiments with the signal peptide further established the 113 
significance of this region in protein translocation30,31. Previous studies, using the FRET mapping 114 
methodology, demonstrated that exogenous signal peptides bind to this region of SecA2,32. To 115 
fully understand the conformation and location of the signal sequence and early mature region 116 
of the preprotein prior to insertion into the SecYEG channel, a protein chimera in which the signal 117 
sequence and residues of the early mature region were attached to SecA through a Ser-Gly linker 118 
was created (Figure 1). Using this biologically viable construct, it was further demonstrated that 119 
the signal sequence and early mature region of the preprotein bind to the THF in a parallel 120 
fashion2. Subsequently, the FRET mapping methodology was used to elucidate the conformation 121 
and location of the signal sequence and early mature region in the presence of SecYEG as 122 
described below3.  123 
 124 
Knowledge of the 3-D structure of the SecA-SecYEG complex33–35 and the possible location of the 125 
binding site allowed to judiciously place donor-acceptor labels in locations where the intersection 126 
of individual FRET distances identifies the binding site location. These FRET mapping 127 
measurements revealed that the signal sequence and the early mature region of the preprotein 128 
form a hairpin with the tip located at the mouth of the SecYEG channel, demonstrating that the 129 
hairpin structure is templated prior to channel insertion.  130 
 131 
PROTOCOL:  132 



   

 133 
1. Selection of labeling sites 134 
  135 
1.1 Identify at least three potential labeling sites to triangulate the putative binding site on 136 
the existing protein structures. In this case, SecA, SecYEG, and preprotein attached to SecA 137 
through genetic fusion were identified2.  138 
 139 
1.1.1 Choose labeling sites within 25–75 Å of the putative binding site and in relatively static 140 
regions of the protein, the distance will determine the specific FRET dye pair to be used36. Locate 141 
the labeling sites in protein regions that are relatively distinct from each other, so the sites 142 
describe the vertices of a triangle with the putative binding site located in the center (Figure 1A–143 
D).  144 
 145 
1.1.2 Introduce or identify cysteine (Cys) residues at labeling sites of interest in a protein that 146 
has no other Cys residues, to improve the labeling efficiency of the specific site37,38. 147 
 148 
1.1.3 Introduce unnatural amino acids, e.g., p-azidophenylalanine for labeling with click 149 
chemistry, in order to effectively label one protein at two distinct positions with different 150 
dyes39,40. 151 
 152 
1.1.4 Test the Cys mutants for loss of function. Verify the activity of the Cys-less mutant and 153 
the unnatural amino acid mutant using an appropriate activity assay. In this case, activity was 154 
verified with a growth assay followed by an in vitro malachite green ATPase assay32,41,42 155 
  156 
2. Labeling the protein 157 
 158 
2.1 Purify the protein or proteins of interest to at least 95% purity for accurate labeling. Purify 159 
SecA and SecYEG proteins following protocols detailed in reference3. Ensure that you have at 160 

least 5 g of purified protein for this step, as some protein will be lost during the labeling process.  161 
 162 
2.2 Choose two dyes for FRET measurements depending on their R0 value and the predicted 163 
distances between labeled sites. Estimate R0 values and observe donor emission and acceptor 164 
absorbance overlap using the information from the fluorescent protein database, which also 165 
gives spectra for commonly used dyes (https://www.fpbase.org/spectra/)36.  166 
 167 
NOTE: R0 is defined as the distance at which the transfer efficiency is 50% for a given dye pair. 168 
For mapping experiments, predicted distances should be close to the R0 value of the dye pair to 169 
ensure that distances can be measured accurately. 170 
 171 
2.3 Label the positions identified in step 1.1.1. with the donor-acceptor dye pair.  172 
 173 
2.3.1 Label the protein according to the manufacturer's instructions with particular attention 174 
paid to parameters such as optimal protein concentration, temperature, pH, length of time, and 175 
buffer for the specific dyes used43,44.  176 



   

 177 

2.3.2 Prepare the protein at a concentration of 1–2 mg/mL or approximately 10 M in a 25 mM 178 
Tris-HCl (pH 7.5), 25 mM KCl, 1 mM EDTA (TKE) buffer. Dissolve dye in dimethylformamide (DMF) 179 
or dimethylsulfoxide (DMSO) to a final concentration of 1 mM. Add the dye dropwise to the 180 

solution while stirring to reach a dye: protein molar ratio of 5:1 (50 M dye: 10 M protein).  181 
 182 
2.3.3 Allow the reaction to proceed for 4 h at room temperature (RT) in a glass vial with gentle 183 

rocking or overnight at 4 °C. Stop the reaction by adding -mercaptoethanol.  184 
 185 
NOTE: If protein is not compatible with Tris buffer, phosphate or HEPES buffers can be used. 186 
Maintain pH in the 7.0–7.5 range. If the protein has disulfide bonds, add a reducing agent such 187 
as DTT or TCEP prior to labeling. Remove DTT by dialysis or gel filtration before adding dye. 188 
 189 
2.4 For accurate FRET measurements remove the free dye with a centrifugal concentrator 190 
with an appropriate molecular weight cut-off (MWCO) to let the free dye flow through while 191 
retaining the labeled protein.  192 
 193 
2.4.1 Prepare the concentrator membrane by placing ~ 1 mL of water in the upper part of a 3 194 
mL concentrator and then centrifuge the water through the membrane (at least 10 min at 4,300 195 
x g). 196 
 197 
2.4.2 Remove free dye by centrifuging labeled sample in concentrator (20 min at 4,300 x g). 198 
Repeat 3–4 times and dispose of flow through.  199 
 200 
2.4.3 Check labeling efficiency of the labeled protein using UV-Vis absorption spectroscopy.  201 
 202 
NOTE: FRET measurements require labeling efficiencies of 50% or greater. Lower labeling 203 
efficiencies reduce the FRET signal and can lead to inaccuracies in measurement.  204 
 205 
2.4.4 Obtain a UV-Vis spectrum of the labeled protein with a range from 250–700 nm to 206 
observe both the protein absorption band and the dye maximum absorption band. Measure the 207 
absorbance at the absorption peak of dye and at 280 nm for protein. 208 
 209 
2.4.5 Determine the concentration of protein and correct for any contributions from the dye 210 
using the correction factor, CF, and the following equations45,46:  211 

𝐶 =
𝐴280 − (𝐴𝑚𝑎𝑥 ∗ 𝐶𝐹)

𝜀𝑃𝑟𝑜𝑡𝑒𝑖𝑛
 212 

where C is the concentration of the protein (M), A280 is the sample absorbance at 280 nm, Amax is 213 
the absorbance at the dye absorption maximum, ε protein is the extinction coefficient for the 214 
protein at 280 nm and CF is the correction factor, A’280/A’max, where A’280 is the absorbance at 215 
280 nm and A’max is the absorbance at the peak maximum for the dye only. 216 
 217 
2.4.6 Determine labeling efficiency using the following equation: 218 



   

𝐸 =
𝐴𝑚𝑎𝑥

𝜀𝑑𝑦𝑒 ∗ 𝐶
 222 

where εdye is the molar extinction coefficient of the dye, C is the concentration of the protein as 219 
determined in step 2.4.5, and E is the labeling efficiency. Repeat step 2.4.2 until the labeling 220 
efficiency value has plateaued and is less than 100%.  221 
 223 
3. Determine the R0 values 224 
 225 
3.1. Measure the R0 values in situ. Prepare two protein samples at the same concentration of 226 

total protein, 4 M, one with the protein labeled with the donor dye only and one with the 227 

protein labeled with the acceptor dye only. For SecA, a protein concentration of 4 M SecA 228 
monomer works well for these measurements. 229 
 230 

3.1.1. Prepare sample volumes of 2.5 mL for a 1 cm x 1 cm cuvette, 600 L for a 5 mm x 5 mm 231 

cuvette or 200 L for a 3 mm x 3 mm cuvette. 232 
 233 
3.2. Turn on the fluorometer and open the spectral acquisition and analysis program in the 234 
fluorescence software if using a spectrofluorometer. Click on the red M to connect the computer 235 
to the instrument (Figure 2A) and choose Emission Spectra. 236 
 237 
3.2.1. Enter scan parameters using the Collect Experiment menu item, such as excitation 238 
wavelength, the range for emission scan, temperature, and sample changer position (Figure 2B). 239 
 240 
3.2.2. Click on RTC and optimize instrument settings (e.g., spectral slits) by monitoring the 241 
fluorescence emission at the peak using an excitation wavelength set at the dye's absorption 242 
maximum. For SecA, set the following settings: bandpass as 1 nm; excitation and emission slits 243 
as 1 and 1.5 mm respectively, with the temperature at 25 °C and stirring speed at 250 rpm. 244 
 245 
NOTE: Do not exceed the counts per second (cps) capacity of the instrument (typically 2 x 106 246 
cps).  247 
 248 
3.3 Place the donor labeled protein sample in the sample holder and click Run to generate an 249 
emission scan of the protein labeled with the donor dye only (donor only protein) by exciting the 250 
sample at the dye absorption maximum (e.g., 488 nm for AF488) and scanning over the emission 251 
peak (505–750 nm for donor only SecA protein labeled with AF488).  252 
 253 
3.4 Establish a baseline for the scan by extending the scan 25–50 nm past the end of the peak. 254 
Measure the quantum yield of the donor-only protein, by performing absorption and 255 
fluorescence measurements on samples of different concentrations as described47. Maintain the 256 
same slit settings for these measurements. 257 
 258 



   

3.4.1 Use free donor dye as the reference for the quantum yield.  259 
Obtain at least four measurements of the donor-only protein and the free dye at different 260 
concentrations for an accurate determination. 261 
 262 
3.4.2 Plot the fluorescence intensity or integrated area versus the absorbance for the donor-263 
only protein and the free dye or reference. Determine the slopes for the donor-only protein 264 
(SlopeD) and the reference (SlopeR). 265 
 266 

3.4.3 Quantum yield () is calculated using the following equation: 267 

𝜙𝐷 = 𝜙𝑅 (
𝑆𝑙𝑜𝑝𝑒𝐷

𝑆𝑙𝑜𝑝𝑒𝑅
) (

𝜂𝐷
2

𝜂𝑅
2 ) 268 

here 𝜙𝐷 is the quantum yield of the donor only protein, 𝜙𝑅 is the quantum yield of the free dye 269 
(this can usually be obtained from the manufacturer), 𝑆𝑙𝑜𝑝𝑒𝐷 and 𝑆𝑙𝑜𝑝𝑒𝑅 are the slopes 270 
determined in step 3.4.2 for the donor only protein and reference, respectively and 𝜂𝐷 and 𝜂𝑅 271 
represent the index of refraction of the donor-only protein and the reference-free dye solutions, 272 
respectively 47.  273 
 274 
3.5 Obtain an absorption spectrum of your acceptor-only protein using a 1 cm pathlength 275 
cell. Generate an extinction coefficient spectrum of your acceptor-only protein by dividing the 276 
absorption spectrum by the dye concentration. 277 
 278 

3.6 Generate the spectral overlap integral, J () using a graphical analysis program. A standard 279 
worksheet program (e.g., spreadsheet) can also be used for this process. 280 
 281 
3.6.1 Multiply the fluorescence emission spectrum of the donor-only protein (step 3.4) by the 282 
extinction coefficient spectrum of the acceptor-only protein to generate the overlap spectrum. 283 
 284 

3.6.2 Multiply the resultant overlap spectrum by 4. 285 
 286 
3.6.3 Determine the area under the curve by integration of the overlap region. The overlap 287 
region is defined as the area where the donor emission spectrum multiplied by the acceptor 288 
extinction coefficient spectrum yields positive values. The spectral overlap integral is defined as: 289 

𝐽(𝜆) = ∫
0

∞
𝐹𝐷(𝜆)𝜀𝐴(𝜆)𝜆4𝑑𝜆 290 

where FD () is the emission spectrum of the donor-only protein (obtained in step 3.4) and A() 291 
is the extinction coefficient spectrum of the acceptor-only protein and has units of M-1cm-1 292 
(obtained in step 3.5). The resulting spectral overlap integral should have units of M-1cm-1nm4. 293 
 294 
3.6.4 Normalize the spectral overlap integral. Divide the overlap integral by the integrated area 295 
of the donor only protein spectrum over the same spectral range: 296 

𝐽(𝜆) =
∫

0

∞
𝐹𝐷(𝜆)𝜀𝐴(𝜆)𝜆4𝑑𝜆

∫
0

∞
𝐹𝐷(𝜆)𝑑𝜆

 297 

 298 



   

3.6.5 Calculate the R0 value in Å using the following equation: 299 

𝑅0 = 0.211[𝜅2𝜂−4𝑄𝐷𝐽(𝜆)]
1
6 300 

where 2 is the orientation factor, typically taken as 2/3 for freely rotating dyes,  is the index of 301 
refraction and can be approximated as 1.33 for dilute aqueous solutions, QD is the quantum yield 302 

of the donor (step 3.4) and J() is the spectral overlap integral as determined in step 3.6.35.  303 
 304 
NOTE: If the dyes are not freely rotating, corrections can be introduced as described by Ivanov 48 305 
and implemented by Auclair49 and Zhang2,3.  306 
 307 
4. Perform FRET spectral measurements 308 
 309 
4.1. Prepare donor-only protein, acceptor-only protein, and donor-acceptor protein samples 310 

at the same concentration; a concentration of 4 M is recommended. Use 200 L of solution, if 311 

using a 3 mm x 3 mm cuvette, 600 L if using a 5 mm x 5 mm cuvette, or 2.5 mL if using a 1 cm x 312 
1 cm cuvette. 313 
 314 
4.1.1. Prepare the donor-acceptor protein sample by using equal molar amounts of the donor 315 
only and acceptor only protein.  316 
 317 
4.1.2. Maintain the same amount of labeled sample in control donor only and acceptor only 318 
protein samples through the introduction of unlabeled protein in equal molar amount to either 319 
the donor only or acceptor only samples. For example, for solutions of the same concentration, 320 

each donor-only FRET sample would contain 100 L of donor-only protein and 100 L of 321 

unlabeled protein for a 200 L volume.  322 
 323 
4.2. Generate fluorescence emission spectra of the donor only, acceptor only, and donor-324 
acceptor samples. Optimize the signal as described in step 3.2. Once optimized maintain the 325 
same settings for all of the samples.  326 
 327 
4.2.1. Obtain the donor-only scan as described in step 3.3. Excite the solution at the donor dye 328 
absorption maximum and scan over the donor and (expected) acceptor emission peaks.  329 
 330 
4.2.2. Either exchange the sample to the acceptor-only protein or change the sample changer 331 
position to the cuvette containing the acceptor-only protein. 332 
 333 
4.2.3. Obtain an emission scan of the protein labeled with acceptor dye only (acceptor only 334 
protein) using the same settings as in step 4.2.1. Excite the sample at the donor excitation 335 
wavelength. 336 
 337 
NOTE: This spectrum provides a correction for the amount of acceptor excited at the donor 338 
wavelength (FA in step 5.1.2) 339 
 340 



   

4.2.4. Exchange the sample to the donor-acceptor protein sample or change the sample 341 
changer position to the cuvette containing the donor-acceptor labeled protein. 342 
 343 
4.2.5. Obtain an emission scan of the donor-acceptor protein sample using the same settings 344 
as in steps 4.2.1 and 4.2.3. 345 
 346 
4.2.6. For all spectra, correct for background fluorescence by subtracting the background counts 347 
measured at the end of the scan. 348 
 349 
4.3. Measure the donor lifetimes of the donor only and donor-acceptor samples prepared as 350 
described in step 4.1.2. Use a time-correlated single-photon counting fluorescence instrument 351 
capable of measuring and resolving fluorescent decays in the nanosecond (10-9 s) time range.  352 
 353 
NOTE: For FRET dye pairs, match the excitation light source to the absorption maximum of the 354 
donor dye. 355 
 356 
4.3.1. Turn on the instrument. Open the acquisition software, use the instrument control 357 
software for data acquisition with the fluorescence spectrometer. 358 
 359 
4.3.2. For acquisition, select TCSPC Decay, with a time range of 55 ns, a gain of 1 and 4096 360 
channels.  361 
 362 
4.3.3. Obtain an instrument response function (IRF) using a solution of non-dairy creamer or 363 
commercial scattering solution and monitor the scattering at 490 nm. Adjust the slit setting and 364 
use neutral density filters as needed to maintain a low enough count rate to avoid pulse pile-365 
up5. Click Accept and then Start. This will start the acquisition.  366 
 367 
NOTE: A maximum count rate of 4000 cps is used for a 180 kHz repetition rate.  368 
 369 
4.3.4. Collect the IRF at 490 nm until the peak channel has a maximum of 20,000 counts. 370 
Collect an IRF before and after measuring each fluorescence decay. 371 
 372 
4.3.5. Obtain the fluorescence decays of the donor only and donor-acceptor samples by 373 
monitoring the fluorescence emission at the donor emission wavelength, 520 nm.  374 
 375 
4.3.6. Adjust slit settings for a maximum count rate of 4000 cps or less. Slit settings are 376 
typically 15–20 nm bandpass for protein samples. Collect the decay until 20,000 counts are 377 
obtained in the peak channel. 378 
 379 
4.4. Analyze the decay or the fluorescence intensity (I) as a function of time (t) for the 380 

fluorescence lifetime (). Fit the decay to a sum of exponentials with the following equation: 381 

𝐼(𝑡) = ∑ 𝛼𝑖𝑒
−𝑡

𝜏𝑖
⁄

𝑖

 382 



   

where I is the preexponential factor of the ith component and I is the lifetime. The fit is 383 
reconvolved with the IRF to match the fluorescence decay. Judge the quality of the fit from the 384 

reduced 2 parameters.  385 
 386 
5. Analysis of FRET data 387 
 388 
5.1. Calculate FRET efficiency from the decrease in donor intensity of the donor-acceptor 389 
sample relative to the donor only with the following equation.  390 

𝐸 = 1 −
𝐹𝐷𝐴

𝐹𝐷
 395 

where FDA is the fluorescence intensity of the donor-acceptor sample and FD is the fluorescence 391 
intensity of the donor only sample at the peak of the donor fluorescence. Use the integrated 392 
areas of the peaks if the data is noisy.  393 
 394 
5.1.1. Correct for any differences in labeling between the donor only and donor-acceptor 396 
samples. Calculate corrections based on the donor degree of labeling as follows. 397 

𝐹𝐷
′ = 𝐹𝐷

𝑓𝐷𝐴

𝑓𝐷
 401 

where 𝑓𝐷𝐴 is the donor labeling efficiency in the donor-acceptor sample and 𝑓𝐷 is the labeling 398 
efficiency in the donor-only sample. 399 
 400 
5.1.2. Correct for any contributions of the acceptor fluorescence to the donor-excited 402 
spectrum through subtraction of the acceptor-only protein spectrum (step 4.2) from the donor-403 
acceptor protein spectrum.  404 

𝐹𝐷𝐴
′ = 𝐹𝐷𝐴 − 𝐹𝐴 406 

 405 
5.1.3. Correct for the differences in labeling efficiency of the acceptor only protein relative to 407 
the donor-acceptor protein sample yielding the following equation for calculating efficiency: 408 

𝐸 = (1 −
𝐹𝐷𝐴

′

𝐹𝐷
′ )

1

𝑓𝐴
  412 

where fA denotes the fractional amount of acceptor labeling. This equation includes all 409 
corrections due to dye labeling and acceptor fluorescence. 410 
 411 
5.1.4. Calculate FRET distances from the efficiencies using the following equation: 413 

𝐸 =
𝑅0

6

𝑅0
6 + 𝑟6

 416 

using the R0 value obtained in step 3.6.5. 414 
 415 
5.1.5. Calculate FRET efficiency using fluorescence lifetimes of the donor only and donor-417 
acceptor samples measured in step 4.3.3-4.3.5: 418 

𝐸 = 1 −
𝜏𝐷𝐴

𝜏𝐷
 420 

 419 



   

5.1.6. Use the amplitude-weighted lifetime to calculate FRET efficiencies and compare with 421 
steady-state results5. 422 

〈𝜏〉 = ∑ 𝛼𝑖𝜏𝑖
𝑖

 424 

 423 
5.1.7. Calculate the distance as in step 5.1.4 from the efficiencies determined by fluorescence 425 
lifetime. Compare steady-state and time-resolved values for FRET efficiencies and distances and 426 
ensure that they are within error of each other. 427 
 428 
6. Mapping the distances 429 
 430 
6.1. Use the calculated distances to map the binding site on the three-dimensional structure. 431 
Calculate the distances and errors for all of the dye pairs and locations examined using the 432 
equation given in step 5.1.4 and R0 values obtained in step 3.6.5 for each FRET pair.  433 
 434 
6.1.1. Use a 3-D graphical viewing program such as PyMOL50 to map the distances onto the 435 
structure (script given in Supplementary File). Commands from the script can be directly entered 436 
into the command window with the appropriate distance information.  437 
 438 
6.1.2. Generate a shell for each distance measured and the associated error (Figure 3, Figure 439 
4, Supplementary Figures 1–3).  440 
 441 
6.1.3. Map the position through the intersection of the different shells (Supplementary Figures 442 
1–3). The signal peptide binding site was mapped through the three different locations on SecA 443 
and SecYEG and four different locations on the signal peptide (Figure 1).  444 
 445 
REPRESENTATIVE RESULTS:  446 
This study focused on determining the location of the preprotein binding site on SecA prior to 447 
insertion of the preprotein into the SecYEG channel. To map the binding site, FRET experiments 448 
were performed between different regions of the preprotein and three distinct locations on the 449 
SecA and SecYEG proteins (Figure 1A–D). From the distances obtained and three-dimensional 450 
structures of SecA, SecYEG, and the preprotein, the location of the preprotein binding site was 451 
predicted. Rather than employing three separate entities (SecA, SecYEG, and preprotein) to 452 
perform these measurements, the PhoA signal sequence was attached to SecA through genetic 453 
modification after incorporation of a Gly-Ser linker2,3. For facile labeling with dyes, Cys residues 454 
or amber mutations were introduced at residues 2, 22, 35, and 45 in the PhoA preprotein (Figure 455 
1E).  456 
 457 
Identification of sites and labeling 458 
A putative binding site for the signal sequence had been previously identified using similar FRET 459 
mapping methods2,32. These and other studies had identified the two-helix finger (THF) and the 460 
preprotein cross-linking domain as possible binding sites of the signal peptide with a suggested 461 
orientation in a parallel position to the THF33,51–54 (Figure 1F). Thus, identification of potential 462 
labeling sites on the SecA and SecYEG proteins was done based on the location of the putative 463 



   

binding site in the SecA and SecYEG crystal structure (shown in green in Figure 1A–D). Three sites 464 
were chosen to triangulate the position of the putative binding site, where essentially the three 465 
sites form a triangle around the putative binding site. As shown in Figure 1, the three sites were 466 
within the FRET range of the binding site (50–70 Å). The dye pair of Alexa Fluor 488 (AF488) and 467 
Alexa Fluor 647 (AF647) was chosen, as the R0 value of 55.7 Å36 corresponds well with the 468 
expected distances between the labeled sites and the putative binding site ensuring 469 
measurement accuracy. 470 
 471 
The three sites chosen for labeling, SecA37, SecA321, and SecY292 (shown as magenta, violet, 472 
and cyan spheres in Figure 1A–D) are located throughout the protein complex forming a triangle 473 
around the putative binding site. The three sites were separately mutated to Cys residues in a 474 
Cys-less mutant to ensure that only the correct position was labeled2,37. For the SecY292 475 
experiments, the PhoA preprotein sites were labeled with AF647 and SecY residue 292 was 476 
labeled with AF488 using maleimide chemistry. In the chimeric protein, sites SecA37 and SecA321 477 
were labeled with AF647 and the preprotein was labeled with AF488. In the SecA-PhoA chimeric 478 
protein, residues 2, 22, 37, and 45 of the PhoA preprotein segment were each mutated to an 479 
amber codon in individual proteins. The amber codon mutations allowed the introduction of 480 
unnatural amino acid, p-azidophenylalanine, at those positions, which were subsequently labeled 481 
with the AF488 using click chemistry39,40. Each mutation was generated and labeled 482 
independently to ensure correct, differential labeling of the protein components. The degree of 483 
labeling was determined for all proteins and generally needed to be 50% or better in order to 484 
proceed with the sample.  485 
 486 
Determination of transfer efficiencies and distances 487 
Prior to performing the energy transfer measurements, the donor quantum yield, overlap 488 
integral and R0 values were determined (steps 3.4–3.6). The donor quantum yield was measured 489 
relative to the dye, fluorescein, which has a quantum yield of 0.79 in 0.1 M NaOH47. Absorption 490 
and fluorescence emission spectra were obtained at a series of concentrations to generate a 491 
linear plot of absorption relative to fluorescence emission intensity to determine the quantum 492 
yield. In these measurements, it is critical to measure the absorption in the linear range (0.1–1.0) 493 
and all emission measurements need to be generated with the same slit settings. As these values 494 
are used to determine overlap integrals and R0 values, they should be measured under FRET 495 
conditions. Protein local environment profoundly affects dye emission and consequently, donor 496 
quantum yields should be measured for each of the sites investigated. We note that sites on SecA 497 
and SecYEG influence the R0 values more strongly than those on the PhoA portion of the chimera. 498 
For dye pairs with the same SecA or SecYEG site, the R0 values are typically within 5 Å of each 499 
other; whereas the R0 values can differ by as much as 20 Å for the two different SecA locations 500 
(residues 37 vs. 321), underscoring the importance of determining R0 values for each dye pair 501 
(Table 1).   502 
 503 
The calculation of R0 assumes that the donor and acceptor dyes are freely rotating and the degree 504 
to which the dyes do not rotate contributes to the overall uncertainty in the measurement. To 505 
appropriately take into account the relative motion of the dyes and their orientations, steady-506 
state fluorescence anisotropy measurements were performed on all the donor and acceptor dyes 507 



   

in the different labeling positions. These values, which were in the 0.10–0.21 range, were used 508 
to calculate the error associated with the distance measurements2,3,48. The relatively high 509 
anisotropy values observed for both the donor and acceptor dyes correspond to a reduction in 510 
dye rotation, which is inconsistent with the assumption of free rotation. The lack of free rotation 511 
generates an error of 19%–25% in the distance calculations. As shown in Table 1, this led to an 512 
average uncertainty in the measured distances of at most ± 15 Å. When mapping the FRET 513 
distances, these uncertainties in the distance measurements are an important consideration, as 514 
discussed below.  515 
 516 
The calculated distance between donor-acceptor pairs is based upon the relationship between 517 
efficiency and distance, in which a higher efficiency is indicative of donor-acceptor pairs 518 
separated by a shorter distance. To determine FRET efficiencies, fluorescence emission spectra 519 
excited at the donor excitation wavelength (488 nm) are obtained on donor-only and donor-520 
acceptor samples. Typically, a reduction in donor emission intensity signifies the presence of 521 
energy transfer (step 5.1). Figure 1G depicts the donor-acceptor spectra for the SecA 37 residue 522 
with either residue 2 or 22 of the PhoA chimera. The SecA37 residue is labeled with AF647 or the 523 
acceptor dye, and the PhoA residues are labeled with AF488 or the donor dye. At either position, 524 
the donor fluorescence is reduced and a small increase in acceptor fluorescence intensity can be 525 
seen in the donor-acceptor samples. Since excitation is done at the donor excitation wavelength 526 
of 488 nm, which does not directly excite the acceptor, any acceptor fluorescence observed 527 
results from energy transfer. Thus, the decrease in donor intensity and concomitant increase in 528 
acceptor intensity results from energy transfer between the two dyes. Significantly, the donor 529 
fluorescence intensity is higher for the PhoA2 position (blue) relative to the PhoA22 position 530 
(yellow) in the presence of the acceptor. This relative difference in the donor intensity decrease 531 
indicates that energy transfer between the PhoA2 residue and the SecA37 residue is weaker than 532 
the transfer between the PhoA22 and SecA37 residues, which implies that the PhoA2 residue is 533 
located further away from SecA37 than PhoA22. Distances are determined from the relationship 534 
between efficiency and R0 values (step 5.1.4).  535 
 536 
Since the steady-state fluorescence measurements could represent an average of two or more 537 
distances, we also performed time-resolved fluorescence measurements. For these experiments, 538 
the lifetime of the donor dye is measured in the presence and absence of the acceptor (Figure 539 
1G). If there were two distinct energy transfer processes contributing to the measured steady-540 
state fluorescence efficiency, they would be observed as discreet lifetimes, provided they were 541 
resolvable within the time resolution of the instrument. To enhance the ability to resolve the 542 
lifetimes, 10,000 counts or more should be collected at the peak; however, the peak height or 543 
peak channel counts needs to be balanced with the time of acquisition and potential damage to 544 
the sample. Time-resolved measurements yielded single lifetimes for each donor-acceptor pair 545 
consistent with only one orientation or distance between the dyes. We note that small 546 
differences in the distance as observed in the areas revealed by our FRET mapping technique 547 
would not lead to resolvable lifetimes in our system. Moreover, the efficiencies as determined 548 
by the time-resolved fluorescence measurements were in good agreement with those 549 
determined from the steady-state measurements, providing further support that the measured 550 
efficiencies arise from only one distance between the dye pairs3.  551 



   

Mapping the FRET distances onto the 3-dimensional structure 552 
The resonance energy transfer measurements yield sufficient distance information to identify 553 
the binding site and orientation of the signal sequence on SecA. The three locations on SecA and 554 
SecYEG along with the four positions on the PhoA region of the SecA-PhoA chimera provide the 555 
12 different distances used to map the binding site (Table 1). The twelve distances were mapped 556 
onto the three-dimensional X-ray cocrystal structure of the Thermotoga maritima SecA-SecYEG 557 
complex (PDBID: 3DIN) to identify the binding site of the signal sequence33. The structure of the 558 
SecA-SecYEG complex is similar to that observed in E. coli as evidenced by an in vivo 559 
photocrosslinking study55.  560 
 561 
We use the beginning (PhoA2) and end (PhoA22) residues of the PhoA signal sequence in the 562 
SecA-PhoA chimera to illustrate how residue locations were identified on the SecA-SecYEG 563 
complex. As energy transfer can occur in all directions, the FRET distances and associated errors 564 
describe a spherical shell, with one of the dye locations from the donor-acceptor pair designated 565 
as the center. In this study, the residues SecA37, SecA321, and SecY292 form the centers of three 566 
spherical shells that describe the location of the PhoA2 residue of the signal sequence. 567 
Visualization of the overlapping regions arising from the three separate locations, SecA37 568 
(magenta), SecA321 (purple), and SecY292 (cyan) are shown in Figure 3. Only a portion of each 569 
FRET shell intersects with the protein structure, and the residues and backbone that fall within 570 
that shell are highlighted. Thus, the protein regions within the shell defined by the SecA37-PhoA2 571 
distance are shown in magenta (Figure 3A,E), while the regions defined by the SecA321-PhoA2 572 
and SecY292-PhoA2 shells are shown in purple (Figure 3B,F) and cyan (Figure 3C,G), respectively. 573 
The putative binding site, consisting mainly of the two-helix finger, is shown in green.  574 
 575 
As shown in Figure 3, each of these FRET shells defines a relatively large section of the protein 576 
complex. For all three locations, the FRET shell does intersect with the putative binding site; 577 
however, for the SecA321 residue, for example, the intersected area is smaller and lies towards 578 
the ends of the fingers with significant overlap with the helical scaffold domain. The intersection 579 
or the common area of all three FRET shells (Figure 3D,H), defines the location of the PhoA2 580 
residue. This area is considerably smaller than each FRET shell and includes only a small portion 581 
of the THF with a large contribution from the helical scaffold. The scripts used for generating the 582 
FRET shells and the intersected areas for the molecular visualization program, PyMOL, are given 583 
in the Supplemental Information. Portions of the shells are visualized as pink dots on the SecA-584 
SecYEG complex in Supplementary Figures 1–3. 585 
 586 
A similar strategy was used to identify the location of the PhoA22 residue. The FRET shells defined 587 
by the PhoA22 FRET distances (Figure 4A–C,E–G) describe a smaller area relative to the PhoA2 588 
residue (Figure 4D,H vs. Figure 3D,H). We interpret this difference to suggest that the PhoA2 589 
residue and associated region are more flexible and labile than PhoA22. Significantly, the area 590 
ascribed to the PhoA22 residue is located closer to the tip of the THF and the mouth of the SecYEG 591 
channel, with regions of SecY identified in the common area (Figure 3D,H). All three dye pairings 592 
identify regions along with the putative binding site; however, the intersected common areas 593 
center the PhoA22 location (Figure 4D,H) at the opposite end of the THF relative to the PhoA2 594 
location (Figure 3D,H). These findings would suggest that the signal sequence of the preprotein 595 



   

which extends from residues 2-22, lies along the THF in a relatively unstructured state. This result 596 
is consistent with earlier studies suggesting the signal sequence binds to the protein along the 597 
THF in an extended state and that the C-terminal end of SecA in the B. subtilis crystal structure 598 
essentially models the structure of the signal peptide and occupies the same location (shown in 599 
red Figure 1F)2,26. We employed a similar approach to identify two locations in the early mature 600 
region (residues 37 and 45) of the SecA-PhoA preprotein chimera to further define the binding 601 
and orientation of the signal sequence and early mature region as discussed below. In other 602 
studies FRET distances have been used effectively to refine an existing structure or molecular 603 
dynamics simiulation-derived model18,19,56; we were not able to do this, as no structure for the 604 
signal sequence bound to SecA exists. 605 
 606 
FIGURE AND TABLE LEGENDS:  607 
Figure 1: Labeling sites in SecA-SecYEG complex with representative FRET spectra. (A–D) Four 608 
different views of the SecA-SecYEG co-crystal structure (PDBID: 3DIN)33 in which the labeling sites 609 
of SecA37, SecA321, and SecY292 are shown as magenta, violet, and cyan spheres, respectively. 610 
A-C are side views of the complex and D is a top view. SecA is shown in light grey, SecYEG is shown 611 
in dark grey and the putative binding site, the THF, is shown in green. (E) Schematic of the SecA-612 
PhoA chimera construct, which connects the SecA protein to the PhoA preprotein through a Ser-613 
Gly linker (not drawn to scale). The labeling sites on the PhoA portion of the chimera are given in 614 
blue, green, yellow, and red, corresponding to residues 2, 22, 37, and 45. (F) Ribbon diagram of 615 
the crystal structure of B. subtilis SecA protein (PDBID: 1M6N) colored by domain where 616 
nucleotide-binding domains 1 and 2 are shown in blue and light blue, respectively, the preprotein 617 
cross-linking domain is shown in gold, the central helix in green, the two-helix finger in cyan, the 618 
helical wing domain in dark green and the C-terminal linker in red26. The unstructured C-terminus 619 
serves as a model of the bound PhoA signal peptide based on a previous FRET mapping study2. 620 
(G) Steady-state fluorescence spectra of the donor only and donor-acceptor samples of the 621 
SecA37-AF647 and PhoA2-AF488 FRET pair and the SecA37-AF647 and PhoA22-AF488 FRET pair. 622 
The reduction in donor intensity for the donor-acceptor sample is indicative of energy transfer. 623 
Greater energy transfer occurs from PhoA22 relative to the PhoA2 site based on the decrease in 624 
donor intensity. (H) Time-resolved fluorescence donor only (magenta) and donor-acceptor (light 625 
magenta) decay spectra of the SecA37-AF647 and PhoA22-AF488 FRET pair. The instrument 626 
response function is shown in grey. The donor-acceptor complex gives a shorter decay and 627 
consequently a faster lifetime consistent with energy transfer. All molecular structures were 628 
generated with the indicated PDB file and PyMOL50. Figure 1E-H has been modified from Zhang 629 
et al.3. 630 
 631 
Figure 2: User interface of the FluorEssence program. (A) The opening window is shown with a 632 
circle around the red M. This must be clicked to connect the program with the fluorometer. (B) 633 
The experiment set-up window illustrates the different areas (monos, detectors, accessories) 634 
where scan relevant parameters are entered.  635 
 636 
Figure 3: FRET distance shells determined for the SecA-PhoA2 position. FRET distance shells 637 
constructed from the FRET distances and the associated uncertainties (Table 1) are depicted on 638 
the SecA-SecYEG complex (PDBID: 3DIN). (A–C) FRET distance shells for the PhoA2 location 639 



   

constructed with SecA37 (magenta), SecA321 (violet), and SecY292 (cyan), respectively at the 640 
center position. The shells are colored according to the center residue. (D) The intersection of 641 
the three FRET shells defines the location of PhoA2, shown in blue. (E–H) Views are rotated 642 
approximately 180° from A–D. All molecular structures were generated with the indicated PDB 643 
file and PyMOL50.  644 
 645 
Figure 4: FRET distance shells determined for the SecA-PhoA22 position. FRET distance shells 646 
constructed from the FRET distances and associated uncertainties (Table 1) are depicted on the 647 
SecA-SecYEG complex (PDBID: 3DIN). (A–C) FRET distance shells for the PhoA22 location 648 
constructed with SecA37 (magenta), SecA321 (violet) and SecY292 (cyan), respectively at the 649 
center position. The shells are colored according to the center residue. (D) The intersection of 650 
the three FRET shells defines the location of PhoA22, shown in yellow. (E–H) Views are rotated 651 
approximately 180° from A-D. All molecular structures were generated with the indicated PDB 652 
file and PyMOL50.  653 
 654 
Figure 5: FRET-mapped locations of PhoA2, PhoA22, PhoA37, and PhoA45 projected onto the 655 
B. subtilis SecA – Geobacillus thermodenitrificans SecYE cocrystal structure (PDBID: 5EUL). (A) 656 
Coloring of SecA-SecYE as in Figure 1. The OmpA peptide substrate inserted at the end of the THF 657 

is shown in pink. FRET-mapped regions were generated in the presence of ATP-S, with PhoA2 658 
shown in blue, PhoA22 in green, PhoA37 in yellow, and PhoA45 in red. Overlap regions are shown 659 
in olive (PhoA22 and PhoA37) and orange (PhoA37 and PhoA45). The peptide substrate (residues 660 
749-791, cyan) was excised from the original structure and modeled into the putative binding 661 
region without any alterations to the structure (circled in red). (B) Enlarged view of the modeled 662 
peptide substrate. Residues 2 (Lys), 22 (Tyr), and 37 (Gly) of the OmpA peptide substrate are 663 
depicted in stick form in blue, green, and yellow, respectively. These residues in the modeled 664 
peptides exhibit excellent agreement with the predicted FRET mapped locations. For clarity, the 665 
nanobody in the original structure has been omitted. This figure has been modified from Zhang 666 
et al.3. 667 
 668 
Table 1: Transfer Efficiencies and Distances Determined for the SecA-PhoA-SecYEG complex. 669 
FRET efficiencies, distances, and R0 values are given for the 12 distances used for mapping the 670 
preprotein binding site. 671 
 672 
Supplementary Figure 1: FRET distance shell, shown in pink dots, determined for the SecA37 673 
residue and the PhoA 37 residue on the SecA-SecYEG complex (PDBID: 3DIN). Sec A is shown in 674 
light grey, SecYEG is shown in dark grey and the SecA37 residue is shown in magenta. 675 
 676 
Supplementary Figure 2: FRET distance shell, shown in pink dots, determined for the SecA321 677 
residue and the PhoA 37 residue on the SecA-SecYEG complex (PDBID: 3DIN). Sec A is shown in 678 
light grey, SecYEG is shown in dark grey and the SecA321 residue is shown in violet. 679 
 680 
Supplementary Figure 3: FRET distance shell, shown in pink dots, determined for the SecY292 681 
residue and the PhoA 37 residue on the SecA-SecYEG complex (PDBID: 3DIN). Sec A is shown in 682 
light grey, SecYEG is shown in dark grey and the SecY292 residue is shown in cyan. 683 



   

DISCUSSION:  684 
Through the use of the FRET mapping methodology, we identified the signal sequence binding 685 
site on the SecA protein. Importantly, the presence of a 3-D crystal structure of the complex 686 
greatly facilitated our study. The strength of this mapping methodology lies in the ability to use 687 
an existing structure to identify locations for labeling. This methodology cannot be used to 688 
determine a 3-D structure; however, determination of structural elements56, refinement of an 689 
existing structure49, determination of a binding site location2,32, or elucidation of dynamic 690 
motion57, are all possible applications of this method. 691 
 692 
In the SecYEG-SecA-PhoA complex, the three labeling sites form a triangle around the putative 693 
binding site (Figure 1). The employment of multiple distance measurements from the vertices of 694 
this triangle to the same residue refines the location information similar to GPS navigation 695 
methods. Three sites, SecA37, SecA341, and SecY292, were identified on SecA and SecY along 696 
with four sites, PhoA2, PhoA22, PhoA37, PhoA45 in the signal sequence and early mature region 697 
of the preprotein to give a total of 12 distances for mapping the location of the signal peptide 698 
(Table 1). Importantly, to improve the accuracy of the distance measurements, labeling sites 699 
should be located in relatively static regions of the protein, such as in secondary structure 700 
elements rather than loops. Furthermore, sites should also be in locations that are relatively 701 
accessible to solvent for ease and increased efficiency of labeling. Within the SecA-PhoA-SecYEG 702 
complex, the performance of distance measurements from the triangle sites or vertices to 703 
residues in the binding substrate were sufficient for locating the residues in the binding substrate 704 
to a relatively small area (Figure 3D,H and Figure 4D,H). Identification of the intersected area 705 
from the multiple distance measurements significantly refines the location from that of single 706 
distance measurement, as shown in Figure 3 and Figure 4. Thus, when using this method, the 707 
measurement of multiple distances is strongly recommended. Although this method can identify 708 
regions of molecules involved in binding, for example, it does not provide precise structural 709 
information; such information is best obtained from other structural methods such as X-ray, 710 
NMR, and cryo-EM. FRET distances can be used to effectively refine an existing structure18,19 or 711 
model, in this case, that was not possible as no model of the signal sequence bound to SecA 712 
exists. 713 
 714 
To ensure that dye labeling occurs at only desired locations and FRET distance measurements are 715 
accurate, the use of mutagenesis for labeling is preferred. Generation of a Cys-less mutant 716 
requires relatively conservative mutation of Cys residues to Ser or similar residues in the 717 
otherwise wild-type protein using site-directed mutagenesis methods. In the current study, Cys 718 
mutations were introduced into Cys-free versions of SecA and SecYEG for labeling37. The activity 719 
of the mutant protein was verified with a growth assay followed by an in vitro malachite green 720 
ATPase assay41,42. Relevant activity assays depend on the function of the protein, for example for 721 
DNA binding proteins, a DNA binding assay would be appropriate58. Failure to ensure labeling at 722 
only one location can lead to labeling of more than one site with the same dye, which significantly 723 
complicates the distance determinations. Thus, the introduction of a second label on the same 724 
protein can be done through the incorporation of unnatural amino acid by site-directed 725 
mutagenesis. We employed this methodology to label the SecA-PhoA chimera at locations 726 
distinct from Cys residues by introducing the unnatural amino acid, p-azidophenylalanine and 727 



   

labeling with click chemistry39,40.  728 
 729 
An additional important consideration of this method is the choice of dyes used and the 730 
associated R0 value. After identification of the potential labeling sites, the distances to be 731 
measured can be estimated from the 3-D structure. With this information, investigators can 732 
choose dyes pairs with R0 values that span the desired range of expected distances. For example, 733 
the AF488-AF647 dye pair has a calculated R0

 of 55.7 Å which provides a good range for labeling 734 
sites located an estimated 40–75 Å away from the putative binding site. Although the R0 values 735 
calculated in step 2.2 are useful for choosing which dye pair to use for your system, attachment 736 
of the dyes to the protein can alter their properties significantly. For greater accuracy, R0 values 737 
should be calculated from in situ experiments performed with labeled protein (steps 3.1 – 3.6.5). 738 
 739 
Measurement of transfer efficiency can be done either by monitoring steady-state fluorescence 740 
emission and observing either a decrease in donor emission or an increase in acceptor emission. 741 
Although observation of both effects is desirable, the efficiency can be calculated from either as 742 
described5,8. Efficiency can also be calculated from the decrease in donor lifetime in the donor-743 
acceptor sample relative to the donor-only sample. Determination of efficiency by more than one 744 
method is recommended, particularly the use of time-resolved methods to establish the relative 745 
homogeneity of the efficiencies measured. 746 
 747 
The mapping method also allowed us to determine the relative orientation of the signal sequence 748 
and the early mature regions of the PhoA preprotein relative to SecA and the putative binding 749 
site. A SecA-SecYEG X-ray crystal structure and subsequent cryo-EM study provided clarity 750 
regarding the structure of the signal sequence and the early mature region of the preprotein with 751 
respect to the channel and SecA34,35. In the X-ray structure, residues 1–41 of the OmpA 752 
preprotein were attached to the tip of the two-helix finger and visualized in a hairpin structure 753 
in the channel (shown in pink, Figure 5). The locations of the four PhoA residues in the SecA-PhoA 754 
chimera were mapped onto this structure using the same protocol as described above. As shown 755 
in Figure 5, the location of the PhoA37 and PhoA45 residues (yellow, orange, red) is in between 756 
PhoA2 and PhoA22, with PhoA45 closer to PhoA2. These findings, particularly the location of 757 
PhoA45, suggested that the PhoA preprotein was forming a hairpin structure.  758 
 759 
To further validate our FRET-identified binding site, we performed a comparison of our mapped 760 
locations with that of the OmpA preprotein, by excising the 41 residue preprotein structure from 761 
the channel and modeling it into the regions defined by FRET mapping (Figure 5, cyan). Without 762 
any alteration of the preprotein X-ray structure, we find that the locations of residues 2, 22, and 763 
37 (shown in blue, green, and yellow) on the OmpA preprotein fragment excised structure agree 764 
remarkably well with the FRET mapped locations (Figure 5B) and suggest that the hairpin forms 765 
prior to channel entry. The OmpA preprotein ends at residue 41 in the X-ray crystal structure; 766 
however, the C-terminal of SecY, which is unstructured, provides an indication of the possible 767 
location of PhoA45. In our modeled structure, the hairpin loop sits at the mouth of the channel, 768 
poised to facilitate the translocation of the preprotein across the membrane. Thus, in this 769 
example, the FRET mapping methodology enhances existing information to illuminate the current 770 
understanding of structure and function, by providing dynamic information to existing static 771 



   

structures. Although not suitable for de novo structure determinations, if 3-dimensional 772 
structural information is available, the FRET mapping methodology can further the current 773 
understanding of structure-function relationships, through elucidation of binding sites and 774 
dynamic motions.  775 
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Table 1: Efficiencies and Distances determined for SecA-PhoA-SecYEG complex

Labeled site on PhoA peptide portion of SecA-PhoA Chimera

PhoA2-AF488 PhoA22-AF488 PhoA37-AF488

SecA 37-AF467-PhoA

R0 = 57 R0 = 57 R0 = 57

FRET efficiency 0.27 +/- .01 0.52 +/- .02 0.39 +/- .03

distance 67 +/- 15 56 +/- 12 62 +/- 13

SecA321-AF647-PhoA

R0 = 40 R0 = 38 R0 = 37

FRET efficiency 0.16 +/- .04 0.62  +/- .01 0.39 +/- 0.02

distance 53 +/- 11 34.9  +/- 7.3 39.7 +/- 7.9

PhoA2-AF647 PhoA22-AF647 PhoA37-AF647

SecY292-AF488 EG

R0 = 57 R0 = 50 R0 = 53

FRET efficiency 0.25 +/- .06 0.46 +/- .06 0.24 +/- .05

distance 68 +/- 15 51.3 +/- 9.2 64 +/- 14

labeled site on SecA-PhoA-

SecYEG complex	 
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adapted from reference 3.

R0 values given in angstroms were calculated as described in the text

The FRET efficiency was calculated from the decrease in donor fluorescence 

intensity in the presence of the acceptor as described.  The error is reported as 

the SD from three independent measurements.

Donor-acceptor distances (R) are given in angstroms and calculated as described 

in the text.  The error reported results from a consideration of the experimental 

error and that arising from the orientation of the dyes.  Dye orientation is 

estimated from the steady state fluorescence anisotropy  



Labeled site on PhoA peptide portion of SecA-PhoA Chimera

PhoA45-AF488

R0 = 60

0.36 +/- .03

66 +/- 15

R0 = 38

0.43 +/- 0.02

39.7  +/- 7.5

PhoA45-AF647

R0 = 54

0.30 +/- .01

62 +/- 13
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FRET Mapping: A New Methodology to Elucidate Global Structural Information 
 
Supplemental Information: Pymol Script 
 
Mapping of sites within the SecA-SecYEG complex using FRET distances. The overlap regions 
between the SecA-SecYEG structure (PDBID: 3DIN) and the FRET dataset (see Table 1) were 
determined from the intersection of the three spherical shells generated from the FRET 
distances for a specific labeled position on the SecA-PhoA chimera protein and the selected 
atoms of the SecA-SecYEG structure (Figs. 2 and 3). The thickness of the shell was defined by 
the maximum and minimum distances determined for that FRET pair based on the measured 
error.  The shells were generated using standard selection algebra commands in the program 
Pymol (Schrodinger, LLC) (https://pymolwiki.org/index.php/Selection_Algebra) 1.  For each 
shell, we made use of the "around" command for the maximum distance and "beyond" 
commands for the minimum distance and the Boolean "and" logical operator to create the set 
of atoms.  A sample script for identifying the overlapping region would be as follows (adapted 
from Zhang et al. 2:   
 
PyMOL>select a37PhoA2-1, chain A and resi 30 around 82 

Selector: selection "a37PhoA2-1" defined with 14843 atoms. 
PyMOL>select a37PhoA2-2, a37PhoA2-1 beyond 52 of chain A and resi 30 

Selector: selection "a37PhoA2-2" defined with 9699 atoms. 
PyMOL>select a321PhoA2-1, chain A and resi 346 around 64 

Selector: selection "a321PhoA2-1" defined with 11367 atoms. 
PyMOL>select a321PhoA2-2, a321PhoA2-1 beyond 42 of chain A and resi 346 

Selector: selection "a321PhoA2-2" defined with 5614 atoms. 
PyMOL>select y292PhoA2-1, chain C and resi 288 around 83 
Selector: selection "y292PhoA2-1" defined with 8822 atoms. 
PyMOL>select y292PhoA2-2, y292PhoA2-1 beyond 53 of chain C and resi 288 

Selector: selection "y292PhoA2-2" defined with 4932 atoms. 
PyMOL>select PhoA2res, a37PhoA2-2 and a321PhoA2-2 and y292PhoA2-2 

Selector: selection "PhoA2res" defined with 442 atoms. 
 

References: 
1 The PyMOL Molecular Graphics System, Version 2.4 (Schrodinger, LLC, New York, 2021). 
2 Zhang, Q. et al. Alignment of the protein substrate hairpin along the SecA two-helix 

finger primes protein transport in Escherichia coli. Proc Natl Acad Sci U S A. 114 (35), 
9343-9348, (2017). 
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Supplemental Figure 1: FRET distance shell shown in pink dots determined for the SecA37 
residue and the PhoA 37 residue on the SecA-SecYEG complex (PDBID: 3DIN).  Sec A is shown in 
light grey, SecYEG is shown in dark grey and the SecA37 residue is shown in magenta. 
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Supplemental Figure 2: FRET distance shell shown in pink dots determined for the SecA321 
residue and the PhoA 37 residue on the SecA-SecYEG complex (PDBID: 3DIN).  Sec A is shown in 
light grey, SecYEG is shown in dark grey and the SecA321 residue is shown in violet. 
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Supplemental Figure 3: FRET distance shell shown in pink dots determined for the SecY292 
residue and the PhoA 37 residue on the SecA-SecYEG complex (PDBID: 3DIN).  Sec A is shown in 
light grey, SecYEG is shown in dark grey and the SecY292 residue is shown in cyan. 
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