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Thein vivo mechanics of the
magnetotactic backbone as
revealed by correlativeFLIM-FRET
and STED microscopy
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energy transfer (FLIM-FRET) and stimulated emission depletion (STED) microscopy to unravel protein
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Biological processes are very diverse and include for example the interaction between biomacrdptbleicules
distribution in cell$, their structuré and dynamics Due to its non-invasive approach, the high sensitivity and
the availability of highly speci ¢ uorophores, uorescence microscopy has become one of the most powerful and
versatile tool in life sciences to study the functional and structural aspects of these processes, both qualitativel
and quantitatively, e main drawback of conventional uorescence microscopy is the limitation of the spatial
resolution to about half a wavelength of the emission light. However, this di raction barrier has been overcome
by the development of superresolution uorescence imaging techf§igi@s example, in stimulated emission
depletion (STED) microscopy, the theoretical spatial resolution scales approximately with the inverse square root
of the depletion laser intensity. us, the spatial resolution of the probe is in uenced by additional factors. Hence,
novel, reliable calibration-free methods have been deveélodedever, in vivamaging remains challenging
because of induced phototoxicity and photodamage resulting from the high STED laser irfteeséfose,
due to a high number of excitation-depletion cycles, photobleaching limits extended imaging in liihgreells
addition, the long image acquisition times o en hinder the detection of biological processes at their natural time
scalé! Finally, STED is purely an imaging technique revealing structural information at high resolution.
Alternatively, Forster resonance energy transfer (FRET) allows for determining distances of interacting
proteins at the nanometer scale (typicall¥0 nm)in vitro and in vivé%2 FRET measurements can be realized
by monitoring uorescence intensities or uorescence decay times of donor and acceptor molecules, the lat-
ter being realized by combination with uorescence lifetime imaging microscopy (FLIM-FRET). is approach
only needs detection of donor decay times and additionally allows for distinguishing between interacting
and non-interacting donor fractions, a drawback in intensity-based FRET measurEntémteever, if both
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Figure 1. In vivoFLIM-FRET analysis in MSR-1 cells with MamJ-phiYFP and MamJ-phirdigRFP657-

MamK. (a) Representative phiYFP (donor) uorescence decay curves measured by time-correlated single-
photon counting (TCSPC) in MSR-1 expressing either MamJ-phiYFP (yellow data points) or MamJ-phiYFP
together with TagRFP657-MamK (green data points) translational fusions. For MamJ-phiYFP alone, the data
was tted to a single-exponential deconvolution tting model (orange line), yielding the decaytid@5 ns.

For MamJ-phiYFP in the presence of TagRFP657-MamK, the data was tted to a bi-exponential deconvolution
tting model (green line), resulting inp  2.94ns ( xed value, determined from n9, Sl) and p, 0.56 ns.

(b) FLIM images of MSR-1 with MamJ-phiYFP alone or (c) together with TagRFP657-MamK. e amplitude-
weighted average decay time for phiYFP is shown in pseudo-color code, in which warmer colors represent the
una ected donor decay time and colder colors represent shorter decay times due to energy transfer between
phiYFP and TagRFP657. Scale bam. 1

interacting proteins change their intracellular location during measurements or both are involved in con gura-
tion changes, then FLIM-FRET lacks direct information about structural and mechanistic insights. erefore,
combining STED microscopy with FLIM-FRET would resolve detailed structural as well as quantitative informa-
tion about the molecules of interest. Combined FLIM-FRET/STED recordings have been reported‘#&tently
ere, organic uorophores have been applied or recordings occurred in arti cial systems (dSDNA fragments).
Here, we develop a new FRET-pair based on uorescent proteins expressed in a living biological system.

However, cellular mechanics is a typical example, for which microscopic techniques are used to decipher
biological process&d8 Due to the above-mentioned problems, the standard to address these problems in vivo
0 en relies on alternative techniques possibly encompassing the internalization of magnetic beads and a poorly
de ned application of stress with expected bias in term of cell bekavioravoid these limitations, we have
addressed the generic problem of cellular mechanics by using magnetotactic bacteria as a model system, in whi
magnetic forces can directly be employed to test the mechanics of biological playetsyiiXyiay di ractior?®.
ese particular organisms, some of which are genetically modi ablimdeed intracellularly mineralize mag
netic nanoparticled termed magnetosomes and assemble them into @2&haimagnetosome chain relies on
the presence of a cytoskeletal lament, the actin-like MamK prdtémwhich the magnetosomes are attached
by the MamJ protefi. We reported that the magnetosome chain can withstand a force2s pN before break-
ing°, lower than forces reported in the actin-farffilBased on this di erence and on conventional uorescence
microscopy, we suggested MamJ to be the weakest link in the ad&étioblgver, a direct experimental proof
is missing.

Herein, we therefore integrate correlative FLIM-FRET and STED microscopy to image the lament struc-
ture and to resolve the MamJ/MamK interaction at nanometer scale. We show, how the combination of these
high-end optical techniques reveals that contrary to the expectation, the bacterial lament is more fragile than
its connection to the magnetosome membrane and nally comment on possible application of the technique in
further elds.

Results and Discussion _

e The'oo—"fote =St ot f..—c'e F—™Ffe fo fot fo ™
o -~ — 7 <« Marmd and MamK were shown to interact with the 2-hybrid d5aay within a host organisth
To measure if the proteins were interacting directly within the magnetotactic bacteria, we choose the uorescent
proteins phiYFP and TagRFP657 as a hew combination of FRET pair for FLIM-FRET measurements. We usec
the bacterial strain Magnetospirillum gryphiswald&fSR-1, in which the translational fusion proteins MamJ-
phiYFP (donor) and TagRFP657-MamK (acceptor) were expressed. Representative uorescence decay curves |
the donor phiYFP, either alone or in presence of the acceptor as TagRFP657-MamK (green), are shayvn (Fig.

By means of time-correlated single-photon counting (TCSPC), the uorescence decay time of the donor pro-

tein phiYFP fused to MamJ was calculatedyas2.95ns, which decreases signi cantly upon the presence of
the acceptor protein TagRFP657 fused to Mamigio 0.56ns (details in Sl). is observation indicates an
energy transfer between the uorophores, which in turn is a preliminary hint for a MamJ-MamK interaction.
In addition, FLIM images demonstrate that phiYFP fused to MamJ exhibits a faster uorescence decay behavior
when the TagRFP657-MamK fusion is present (Bag:, Supplementary Fig. S1). We rstly calculated the spec-
tral overlap integral J()1.34 10 ®nm*M?* cm! and the Forster distancg R4.6nm, using Egs. (2) and (3)
(Methods, Supplementary Fig. S2) to characterize the phiYFP and TagRFP657 FRET pair. We determined th
distance between the donor phiYFP and the acceptor TagRFP653.8s 10.2nm (n 72) (Eq. (¥ using the
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Figure 2. In vivoSTED analysis in MSR-1 cells with TagRFP657-MamK. (a) Confocal and STED uorescence
image of MamK-TagRFP657 laments in living MSR-1 along with an intensity line pro le is plotted (dashed
line) (b). Gaussian approximation for the exemplary confocal image in (a) provides a full-width at half
maximum (FHWM) of 227 6nm (black) and Lorentzian tting for STED image (a) results in a FHWM

of 60 4nm (red). e error arises from tting errors and not from multiple measurements. Line pro les
represent normalized raw image data and tting curves ( tted valsiandard error). Scale barnl

measured uorescence decay times in individual cells. us, we demonstrated that phiYFP and TagRFP657 are
suitable for FLIM-FRET measurements in living MSR-1 and that MamJ and MamK interact with each other, also
in original magnetotactic bacteria.

e, Ve > term”ee _Sf_  fe “'dinvivd§ Wehave shown using photoactivated
localization microscopy (PALM) that MamK-mCherry was forming lamienvivowith a resolution of about
150 nn#°. However, this construct and technique do not allow the expected combine microscopy approach. erefore,
we next imaged only the acceptor TagRFP657 fused to MamK in a living MSR-1 cell that also display MamJ-phiYFF
using both, conventional confocal and STED uorescence microscopékig. e apparent lament diameter
of imaged laments was enhanced by STED reaching a 4-fold reduction in lament diameter (about 6@nws. 240
Supplementary Table S1). Since the uorescence is subjected to photobleaching in STED imaging, we assessed
feasibility of consecutive image acquisition in the bacteria. Immediately a er a rst STED image acquisition, the
uorescence is bleached. However, a er a regeneration periodwf2the uorescence intensity of the lament is
recovered such that a second STED image of similar quality can be recorded (SI, Supplementary Fig. S2).

St Lte, cef—cte " & feft ..o s fe [ Zett - =S
After establishing the feasibility of our microscopic approach, we tested the mechanical stability of the
MamJ-MamK pair in vivdey combined FLIM-FRET and STED microscopy &g displays a sketch of the setup,
which is equipped with an aluminum (non-magnetic) plate topped with a freely rotating magnet pair to test
potential e ects of rotating a magnetic eld (applying a magnetic torque, strength of the magnetic rald: 50
around a magnetotactic bacterium (on the magnetosome chainBgig.

FLIM images of an identical cell with MamJ-phiYFP accompanied by TagRFP657-MamK before and a er
application of a magnetic torque (F#g,b) and the corresponding STED images of the lament are shown
(Fig.4c,d). A er the treatment, the donor-acceptor distance between MamJ and MamK (phiYFP and TagRFP657)
was calculated from the FRET e ciencies as4 0.2nm (n 45), and remains unchanged (P.05) com
pared to the measure performed before treatmenn(8.6 0.2nm), indicating that the MamJ-MamK interac
tion is unchanged (Supplementary Information, Supplementary Table S3). Decay times are thus similar before
and a er treatment (Figda,b).

In contrast, while a straight MamK lament is observed before treatment4&jigstructural defects are
detected a erwards (Figid). erefore, we quanti ed the TagRFP657 uorescence intensity distributions from
the STED images (Fige,? by plotting the 3D surface intensity of cross sections at two random lament posi-
tions. A er the treatment (Figdf), sharp intensity changes are recorded, which, depending on the position, were
absent or less pronounced before treatment @Y. e lament diameter almost doubled at position 1 (from
66nm to 1274m), whereas it only increased by approxarh@at positon 2, pointing towards non-uniform e ects
(Fig.4g,h, additional discussion in Sl).

As MamK laments are known to be constructed from bundles of single protein units that polyfhéhize
result can reproduce patterns observed at more fragile nods vs. more stable central segments of the helical stru
ture builds from the protein. In order to quantify these changes in the MamK lament organization, we integrated
the TagRFP657 uorescence intensity along the lament (Supplementary Table S4). e same line with a width of
7 pixels was drawn along the ridge of laments before and a er magnetic treatment. e averaged TagRFP657 u
orescence intensities of pixels along the line were plotted against the length, thereby normalizing to the maxima
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Figure 3. Setup and possible e ects of rotating a magnetic eld around a bacterjuAm éuminum plate

(1) is placed on top of the stage of an inverted microscope (2) without contact. e magnet (3) can be freely

rotated around the sample (4)) (@ossible scenarios of MamJ-MamK interaction caused by the external magnetic
eld. (1) Living bacteria are immobilized and aligned with an external magnetic eld in an agarose matrix.

(I e magnetosome chain can initially follow the rotating eld, up to a given threshold, where three possible

e ects are envisaged: (Ill) MamJ detaches from the lament so that MamJ and MamK are separated. A decreased
FRET e ciency and an intact lament are expected. (IV) Alternatively, the magnetosomes are detached from

the MamK lament, but MamJ and MamK are still connected. A high FRET e ciency similar to the starting case

(I) and an intact MamK ' lament are expected. (V) Finally, the lament ruptures, but MamJ and MamK are still
connected. An unaltered high FRET e ciency is assumed, but lament fragments are expected in STED images.

intensity (Sl). e area under the curve was determined by integration. Supplementary Table S4 summarizes
the calculated area of 10 laments before and a er magnetic treatment. A normalized uorescence intensity of
I 1.0 would correspond to maximum uorescence intensities in all pixels along the whole structure re ecting
best lament integrity. e mean and standard deviation ogf of 10 MamK laments (2 independent experi-
ments) was calculated. Before application of a magnetic torqu@.457 0.083 and decreases signi cantly

to 0.374 0.086 (n 10) a erwards (paired-test, P 0.0139) (see also Supplementary Table S4). In contrast,
the calculated area of the laments befoge (0.477 0.068, n 10) and a er a 2fninute regeneration period

(I 0.436 0.062, n 10) are not signi cant di erent (paired-test, P 0.0658, Supplementary Table S2).
Overall, these results indicate a loss of integrity of the MamK lament (Supplementary Table S4, Figs. S4 and S5
However, the in viv&TED images, do not constantly exhibit clear pattern of broken chains as those observed in
chemically xed cells using transmission electron microscopy (FERince our experiments are performed in
living cells, cellular processes are not inhibited. e formation of MamK lament in MSR-1 was recently shown
to be dynamic, suggesting that MamK experience treadndillisgMamK treadmilling growth speed is 310—

340 nm/mir?L, At least 58 passes from magnetic treatment until the STED image is recorded (Supplementary
Fig. S5). During this time de nosgnthesized MamK could potentially grow explaining the recorded patterns
since the de nowynthesis of MamK may be faster than the temporal resolution of STED image acquisition.

Stec...fZ2Z> a8t ...xZ22Z¢ tco'Zf> ,"'ofe fo woZfefe—o lfierferth %ot —
assess the origin of these non-uniform e ects, we chemically xed the bacteria right a er the application of the
magnetic torque to freeze their internal structure and imaged them by both by STED microscopy and TEM. STED
images reveal the absence of any cell-spanning, continuous MamK lament, which instead appear to be fragmente:
into many short laments (Figha, Supplementary Fig. S6). e fragmented MamK lament pieces, highlighted in
Fig.5a (the image without highlights is shown in Supplementary Fig. S7) cross the cell along its short axis, contrary
to the typical continuous MamK lament localization along the long cell axis. e TEM micrograph ibBighows
multiple MSR-1 cells. Here, we found magnetosome chain fragments composed of 3 to 6 magnetosomes disperse
throughout the cell (Fighb (stars)) which moreover also mostly appear perpendicular to the longitudinal axis of
the cell, in agreement with the position of the MamK lament fragments imaged by STER3(Bigpplementary
Fig. S8). Moreover, the magnetosome fragments are parallel and possess gaps in between (cross). Hence, there i
consistent chain anymore. It has to be noted that the addition of the uorescent protein TagRFP657 on MamK might
in uence the elasticity and fragility of the lament. Experiments as those performed by synchrotron-based X-ray
di raction 2° might help understanding if the mechanics of the MamJ/MamK pair is changed or not.

Conclusion

In summary, we developed a new FRET pair that allows concomitant STED imaging of one of its constituents
in living cells. In general, STED microscopy in living cells is critical due to photodamage and/or photbtoxicity
Depending on which type of FPs or organic dyes is used, this might result in lower phototoxicity. However, this
strongly depends on the expression level, the extinction coe cient, quantum yield and the used setup tting to
the optical properties of the uorophores. e used uorescent proteins in our study, TagRRFP657 as well as
phiYFP show low phototoxicity. us they are suitable for live cell experiments. Additionally, we have chosen
TagRFP657, because as a far-red uorescent protein it combines the advantage of being less phototoxic and mo
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