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A Mechanical Force Accompanies Fluorescence Resonance Energy Transfer (FRET)
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We show that the coupling responsible for fluorescence resonance energy transfer (FRET) generates a
mechanical force that is distinct from the van der Waals force between ground-state molecules and can be
either attractive or repulsive. The underlying potential has the sarfelisfance dependence as the rate of
FRET, and the two are connected by a Kramé{sonig relation. Just as the rate of FRET can be derived
either classically or quantum mechanically, so too can the interaction potential. Because of the FRET force,
time-resolved FRET measurements contain information on the mechanical stiffness of the matrix containing
donor and acceptor.

I. Introduction This electrodynamic picture can be formally established by

Fluorescence resonance energy transfer (FRET) from anUsing the multipolar Hamiltonian in which all intermolecular
excited donor molecule to a nearby acceptor plays a major role Intéractions are mediated by photons, so there is no explicit
in photosynthesis, carrying energy from chlorophyll molecules donor-acceptor coupling in the HamiltonidnThe Coulomb
to the photosynthetic reaction centeFRET also provides a force is recovered in the near-field limit, where retardation is
nanoscale ruler: when donor and acceptor are attached to g'€9lected. This picture can be obtained classically because the
biomolecule, the rate of FRET indicates the deracceptor Hamiltonian for a harmonic oscillator is identical in classical
distance?3 There has recently been a resurgence of interest in @1d quantum mechanics. When the acceptor is modeled as a
FRET in connection with single-molecule studies as a probe collection of harmonic oscillators and then this response is
for conformations of polymers and biomolecufes. lumped into the complex polarizability functiom(w), the

FRET and long-range dispersion forces both arise from a SYStem appears to be completely classi¢éf. _ ,
coupling between the transition dipoles of two molecules. Thus A Seécond way to understand the FRET force is to consider
it is reasonable to expect a change in the long-range intermo-the eigenstates of the donor and acceptor in the minimal _C(_)upllng
lecular force to accompany the process of FRET. This FRET Hamiltonian with the Coulomb coupling included explicitly.
force (FF) has implications both for photosynthesis and for In this picture, the force arises from a radiative shift in the

biophysical FRET studies. A force accompanying photosynthetic €N€rgy levels of the donor induced by its coupling to the
FRET may lead to functionally significant conformational acceptor. The minimal coupling and multipolar Hamiltonians

changes in the protein scaffold around chlorophyll molecules. &€ related by a canonical gauge transformation and the two
Biophysical FRET studies usually assume that the FRET pair d€Scriptions are both exact and eq‘,"valen;‘;l even though they
does not affect the molecule under study. This is justified Offer completely different physical picturés:

because the FF tends to be weak, corresponding to an interaction | here have been many calculations of the van der Waals force
free energy of~0.lksT at a donoracceptor separation of 1 between two two-level molecules with one molecule excifet?

nm. However, small changes in intermolecular force can have These calculations show that optical exgit@tion can dramatically
a macroscopic effect near a critical point where all other forces @/t the long-range force. However, it is not clear how or
along a conformational coordinate vanish. Polymer solutions Whether these formal calculations apply to real multilevel
can be brought near a critical point by adjusting temperature moleculgs m_the presence of relaxation and dephasing nor what
and solvent compositich.Moreover, the force creates the (N€ refation is between the force and the energy transfer.
possibility to use light tocontrol the conformation of a In this paper, we show how the force may be calculated from
biomolecule and to probe its mechanical response. observable_ emission ar_1d absorption spectra. This is do_ne using
One way to think about the FF is as a generalization of optical POth the minimal coupling and the multipolar Hamiltonians.
trapping. A polarizable particle (atom, molecule, colloid, etc.)
experiences a force along an electric field gradient. In laser
tweezers, tight focusing of the laser beam creates the field A. Molecule in a Field. A spatially uniform electric field
gradient It has been proposed to use sharp metal tips to enhance )
optical fields and field gradienfsConsider the limit in which E(t) = éE; sinwt 1)
the sharp metal tip is shrunk to a single molecule. The near- o . .
field of an excited molecule has strong fields and strong field induces an oscillating dipole momenix(t), in a molecule
gradients. Thus the FF can be thought of as optical trapping of
the acceptor by the near-field of the excited donor.

II. Electrodynamic Derivation

PA(t) = 0u (A B)E, Sin@) — aifia (R O, coset) (2)

* Cambridge University. where o), and a; are the real and imaginary parts, respec-
T University of Rochester. tively, of the frequency-dependent complex polarizability tensor,
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oa = (a, + ioyx)Aafia. The unit vectorfia lies along the B. Application to FRET. Forster showed that the rate of
principle absorption dipole of the molecule. FRET ig®

The molecule absorbs powEr

_9ck? fme(a))UA(a)) do

= (8)
P=[E-p,L RET 8rr®® n(w)o?
= %EOZ|ﬁA.é|2wax(w) () whererp is the lifetime of the donor, i§ the dis'tar}ce between
donor and acceptofp(w) is the normalized emission spectrum

of the donor,oa(w) is the absorption cross section of the
where the average is taken over many optical cycles. If the acceptor, andn(w) is the refractive index of the medium
electric field has a power spectral densitfy), where /f(w) surrounding the donor and acceptbrThe factor x =
dw = 1, then the molecule absorbs a power per unit frequency 3(f,-7)(fp+f) — Aa-Ap takes into account the relative orientation
of donor and acceptor transition dipoles. To expresgr in

1 N R " B .y . .
P(w) = §E02|nA-e|2waA(a))f(w) 4) terms of the polarizability, we make the substitution
waj(w)
_ o oa(w) = 9)
and the total power absorbedRs= [;P(w) dw. 3cegn(w)
The molecule also experiences a change in its mean free
energy,U: so that
1 o 3ck? folw)ax(w)
U= — ~[E- = dw (20)
2 Palt erer j(; 8o N(w)w®
1_2. .
=— ZEozlnA-e|2ag(w) (5) The integrand of eq 10 is precisely téw) in eq 7. Combining
egs 7 and 10, we find the interaction free energy associated
) with FRET
If the field has a power spectral densftyw), then the change
in free energy per unit frequency is 332 fo(w)oly ()
CK o' D A
Urrer= — dw (11)

6Jo 5 3
1 on a2, 16meyrpr n(w)w
U(w) = — ZEozlnA'el “op(0)f() (6)

C. Kramers—Kronig Relations. Both the real and imaginary
o parts of the molecular polarizability can be readily computed
and the toFaI energy shifti¥ = foU(w) do. . for models and at various levels of theory. Absorption experi-

Comparison of egs 4 and 6 shows that the change in free ments give the imaginary part, but the real part is harder to
energy and rate of excitation (both per unit frequency) are yeasure. To eliminate’ (w) in the expression fobgrer, e

related: use the KramersKronig formula:
1 (1:5‘((0) , _ 2 y mw’aX(a)r) ,
V() = - é(ax(m)hK(“’) @) GO =27 o (12

where we have replaced the power absorbed by the rate OfWhere!;,/-f’indicates the principal value of the integral. Thus

excitation,K(w) = P(w)/hw. This equation is the basis for all 39 f () o ('

of the results of our paper. Uerer= — %LKG Omg_éﬁﬁ:o z ol )3 :( )2 do' do
Field gradients cause the rate of excitation, and hence the 16meqTpr n(w)o™ (e — o) 13

free energy, to depend on molecular position,Molecular (13)

anisotropy causes the rate of excitation to depend on the angle, Tpig expressiomimostcontainsk(w), except thafp(w) and
0, between the molecular axis and the local field. Making note o"(w') occur at different frequencies. We thus define a new
of these effects, we get a position- and orientation-dependentquamity' K(w,w'):
free energylJ(r,0), which leads to a forcé = —VU(r,0) and
to a torquer = —aU(r,0)/96. 332 fo(w)oi (@)
The electric field E(t), could come from a light source, or it Klw,w') = G 3
could be produced by a nearby excited donor molecule: the 8regtpl” M@)o
acceptorA, responds the same way regardless of the source of
the field. When the electric field comes from laser light, the
and 6 dependence of)(r,0) lead to optical trappirfgand the
optical Kerr effect, respectiveR?.In this case, the dependence
comes from the tight focusing of the laser beam. When the
electric field comes from an excited donor molecule, the spatial
dependence originates from the near-field variation of the field
created by the donor, and eq 7 gives the intermolecular potential
associated with FRET. In principle, there is also a torque that

seeks to align anisotropic molecules participating in FRET. This e poo Ner ,
torque will not be considered here. Kerer = ﬂ; ﬁ) K(w,w)o(w" — w) do' dw (15)

(14)

This two-dimensional transition density corresponds to the rate
of FRET that would occur if the spectrum of the acceptor were
shifted along the frequency axis relative to the spectrum of the
donor. While this shift cannot be easily realized experimentally
(i.e., itis hard to make a family of molecules with shifted spectra
but the same spectral line shape), it is easy to comig(ibew')

from a known donor emission spectrum and acceptor absorption
spectrum. In terms ok(w,w"),
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_h
T

o' K(w,w'")

0 2 _ 2

dw' dw

f P

lll. Eigenstate Derivation

(16)

Ugrer =
w

In the previous section, we considered a molecule with
arbitrary polarizability o(w), and focused on how(w) mediates
the response to an electric field. This corresponds to the
multipolar Hamiltonian. In the alternative approach, based on
the minimal coupling Hamiltonian, we consider the internal
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®p are the nuclear wave functions. The matrix element for the
transition is

VS

= V[ @p| Op D, [P, (22)

The nuclear components bf are the FranckCondon factors
S(Ep.Ep) = [@p|Pi0and Sa(Ea,Ey) = [@ | Pall

eigenstates of the donor and acceptor molecules and include There are many ways to arrive at the electronic component

the dipole-dipole coupling as a perturbation to these states.

of the matrix elementVe = [Ppp|€/(dweon?r)|pppall Note

Then the question is how does the coupling affect the expecta-that to calculate forces it is necessary to know gnedientin

tion value of the energy? This calculation closely follows
Forster’s original paper on FRETand yields the same results
as the previous calculation.

In the Wigner-Weiskopff model, when a state,is coupled
to a broad continuun{,j}, an effective Hamiltonian arises that
adds a self-energy to the energy of the isolated stgfe> E;
+ R.15 Here

. |V|J|
R = lim a7

=0t

whereV; is the matrix element coupling statesndj and E;

Ve at the equilibrium doneracceptor separation. If the mol-
ecules are neutral and their separation is large compared to their
size, then the point dipole approximation is appropriate:

UppK

V=
e
4.7t60n2r3

(23)

For molecules for which the separation is small compared to
the size but there is still negligible electronic overlap (e.g.,
chlorophyll molecules in the bacterial photosynthetic antenna
complex), then the point dipole approximation breaks down and
Ve must be calculated numericalfy Standard quantum chem-

and E; are the energies of these states. This self-energy isisiry codes exist to do this at varying levels of theory. The

partitioned as
ki

where the real part);, gives the level shift of state and the
imaginary part,k, gives the rate of decay of state The
Kramers-Kronig relation between the two follows immediately
from the analytic properties of the self-energy, which are a direct
consequence of causality.

Let the initial statej, correspond to the excited donor and
ground-state acceptor. The manifold of final sta{gk, corre-
sponds to the ground-state donor and excited acceptor (we
assume that the acceptor has densely distributed levels).
Replacing the sum in eq 17 by an integral over acceptor states,
we find that the rate of energy transfer is given by Fermi’s
golden rule

. g}
R=U - ) (18)

21
k =2/ Vi °p(E)O(E, — E) dE (19)
wherep(E;) is density of transitions of enerdy.
The coupling to a continuum also produces an energy shift,

U;, of the initial state:

U= [—=—="

Forster used eq 19 to calculate the rate of FRET. We follow
his procedure but apply it to eq 20 to calculate the energy shift.
The wave functions of the doneacceptor system in its initial

and final states are

W, = ¢ppp @p®
lpj = ¢D¢Z‘DD(DZ

IV;1%( J)

E—g (20)

(21)

wherega and¢p are the electronic wave functions aéd and

coupling can also be extracted from spectroscopic data: the
Davydov splitting in the donefacceptor pair is twice the
electronic coupling energy. It may be possible to obtain the
gradient ofVe from the pressure dependence of the Davydov
splitting.

Typically the donor in its excited state occupies a distribution
of vibrational energy levels with probabiligs(EpS). Similarly,
the acceptor in its ground-state occupies a distribution of
vibrational energy levels with probabilits(Ea). The total rate
of FRET is given by the rate for each microstate,( Ea)
weighted by the probability for the system to be in that
microstate and summed over all microstatesgdfEy) and
‘ga(Ea) are statistically independent (i.e., they arise from different
vibrational modes), then this sum factors into two components.
One component depends only on the emission spectrum of the
donor; the other depends only on the absorption spectrum of
the acceptor. We apply this procedure to compute the energy
shift.

From eq 20, the total energy shift for all initial states of the
donor is

p(E)IVUI p(E) dE, o,

Urrer = f /)f

The numerator of the integrand of eq 24 can be expanded to
yield

(24)

P(E)IV;1%0(E) =

Vel ([ 9n(E5) S (E5 E5—E) dEL)( [ Oa(EA)Sh*(En Eat
E) dE,) (25)

which contains separate integrals over the donor and acceptor
coordinates. Each integral gives an observable. The donor
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integral is related to the normalized donor emission spectrum, enough to replace df by 1/wg, wherewo ~ (wa + wp)/2.

fo(wi) (measured in photons per unit frequency),'¥ia The integrals in egs 10 and11 then evaluate to
3. 22
3rehc? 3CUpK Ya T Vo
ENSAESES—E) dE) = —————f(w,) (26 Kerer = (33)
ng( D)SD ( D I) D wign(wi)‘uDzrD D( I) ( ) &TfoTDnshwoer (CUA _ wD)Z + (‘}/A + yD)Z

. . . and
The acceptor integral is related to the acceptor absorption cross

section,oa(wj), via y B 3CsﬂAsz Wy — Wy
FRET =
) 3eghen(w) 167e4Tpn°wyr° (wp — p)° + (va + 70)
ng(EA)SA (EAEAtE) dE, = T,LtZOA(wj) (27) o —
i“A —_DP Ay (34)
200+ 7) R

If we assume that the index of refraction is weakly dependent
on frequency, then(w;)/n(wi) cancels in the product of eqs 26 ~ Equation 34 shows thdlrrer vanishes on resonanced =
and 27. Combining eqs 227 and converting to integrals over  wa) and in the absence of spectral overlap — wa| > yp +
frequency givedUrret in terms of experimentally accessible  ya). It is maximized forwp — wa = £(yp + ya). If wp > wa,
parameters: thenUggret is positive and the force is repulsive.
There is a simple intuitive explanation for the dependence
2 2.4 of the sign of the force on the sign afp — wa. Picture the
Vel 9heqc fD(wi)OA(wj) do. do; (28) oscillatingg field from the donor drig\J/ing the polarization of the
a)i3a)j(wj — ) . acceptor. If the driving frequency is below the resonant
frequency of the acceptor, then the polarization of the acceptor
Substitutinga’ (w;) for o(w;) (eq 9) gives is in-phase with the driving field because the acceptor can
respond essentially instantaneously to the field. This leads to a
negative energy or an attractive force. However, if the driving
do; dw, (29) frequency is greater than the resonant frequency of the acceptor,
! then the acceptor is never able to “catch up” with the quickly
varying driving field. The dipole moment of the acceptor

Equation 29 contains a Kramerkronig relation foros (), acquires an out of phase component, which points in the wrong

so making this substitution and inserting the point dipole direction, and the energy is positive or repulsive. For ho-
approximation fore (eq 23) yields motransfer, the FF is always attractive because the Stokes shift

guarantees thabp < wa.
Line shapes are usually Lorentzian near the center but have
do  (30) much shorter wings (and finite second and higher moments).
In many cases, the wings are Gaussian. The Voigt profile
(convolution of a Gaussian and a Lorentzian) or the stochastic
which is exactly the same as the classically derived eq 11. model of Kubo are commonly used models that interpolate
between the two profile¥:1°Provided the detuningyp — wa,
is small enough for the line shapes to overlap in the Lorentzian
regime, then eq 34 provides a simple way to estimate the force
A. Lorentzian Line Shapes. The Lorentzian line shape accompanying FRET. ,
describes the response of a damped harmonic oscillator (classical B- Sample Calculation.The FF can easily be calculated from
or quantum mechanical) and also the linear response of a&XPerimental spectra via the relation
guantum mechanical two-level system. Consider the case where

4

FRET — > 2
Un Up Tp

IVI?3he,C? s fo(@) i)

FRET — —
n(cuj)wi3 w;—

2 2 -
Up Up Tp

Ugrer= —

3hc® foofD(w)a}\(w)
167e,nr’r, 70 °

IV. Examples

both the acceptor and donor are characterized by a Lorentzian - f fo(w)as (@) > dw Ak pe
response with resonant frequencies and wp, respectively: Uprer = - 5 (35)
So(@)ai(@)o ™ do
(@) = ? wp— W The imaginary polarizabilityeds (w), can be extracted from an
() =2

absorption spectrum and eq 9 (there is no need to worry about

(wA_w)2+VA2 SR - )
multiplicative constants because they cancel in the ratio). The

MAZ VA Kramers-Kronig relation then givea'(w). If the Farster radius,
o (w) = PR I (31) Ry, and the lifetime of the donor are knowkkret can easily
(Wp— @)+ ya be calculated from
1(Ro)®
and kFRET = r_(T) (36)
D
vol7 . . . . . .
folw) = > > (32) The ratio of integrals in eq 35 is typically of order 1 and is
(wp— )"+ vp calculated for some common FRET pairs in Table 1. Figure 1

shows the emission spectrum and calculated value§bf and
Further assume that the index of refraction is weakly dependenta’’(4) for chlorophyll b. Calculations were performed by
on frequency in the region of interest and the spectra are narrownumerically integrating spectra available over the Intethet.
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TABLE 1: Parameters for Calculating the Interaction Free ment and the bonds within the molecéleThe spectral shift

Energy of Some Common FRET Pairs associated with FRET comes from a relaxation of the medium
donor acceptor  @rren/(fikeren)® o (NS)  Ro(A) between the two fluorophores and thus can be thought of as an
cha Cha o1 intermolecular Stokes shift. Conventional Stokes shift and FRET
Chi¥ Chi¥ -6.3 relaxation are clearly distinct because (1) the Stokes shift is
FITC FITC -2.25 4.2 46 independent of the presence of a nearby fluorophore while FRET
,':ESJ '(5'25;@ 8'(1):318 gg gg relaxation depends strongly on the intermolecular coupling and
i AF53 0.087 42 63 (2) the Stokes shift should occur much more quickly than FRET

relaxation. For a given FRET pair and initial separation, the

2The quantity ®Jrrev/(fikeren) is the ratio of integrals from eq 35.  extent of the postexcitation spectral shift depends on the
f’ChIQrophyIIain MeOH.CChIorophy_IIbin diethyl etherd Fluorescein mechanical compliance of the matrix holding the molecules.
isothiocyanatet Tetramethylrhodaminé Alexa Fluor 594.9 Nonfiuo- Thus time-resolved FRET measurements should provide infor-
rescent quencher, diarylrhodamine derivativAlexa Fluor 532. mation on both the doneracceptor spacing and the mechanical
properties of the material to which they are bound.

Just as the FAster model has many extensions, so too does
the force associated with it. For instance, for closely spaced
molecules, it is no longer appropriate to treat the polarizability
as a single tensor associated with each molecule. Rather each
molecule has a nonlocal polarizability(r,r',w), which relates
the polarization at each pointin the molecule to the field at
all points,E(r').1628 Nonlocal response complicates somewhat
the calculation o¥/. and leads to deviation from its simpled/
dependence, but its incorporation does not create any conceptual
difficulties. Once V., has been calculated (e.g., by density

550 600 650 700 750

A (nm) functional theory), then eq 29 yields the interaction free energy.
Figure 1. Spectral properties of chlorophytl in diethyl ether used The Faster model has also been extended to take into account

for calculating the rate of homotransfer FRET (top) and the ac- time-dependent spectra of donor and acceft®his extension
companying FRET force (bottom). The top panel shows (he is important when the time for energy transfer is comparable to

emission spectrunip(4), and ©) the absorption spectrura,’'(1). The - . .
overlap integral yields the rate of FRE®'((2) was padded with zeros the time for donor and acceptor to relax through their respective

for 4 = (700-750 nm) to have absorption and emission spectra over Stokes shifts. This extension of the theory can be readily
comparable wavelengths). The bottom panel show} the same incorporated for calculating the force. The distributions of donor
emission spectrumfp(4), as in the top panel andaf the real and acceptor stategp(ES) andga(En), become time-depend-
polarizability,a’(1). The overlap integral yields the interaction energy. ent quantities, but the instantaneous interaction free energy is
To calculate the real polarizability, the Kramet§ronig relations were )| yglated to the instantaneous rate of energy transfer and the
applied toa over the regiomll. = 220-750 nm). . . -
instantaneous donor and acceptor line shapes via eq 30.

Other studies of the van der Waals force with one molecule
h excited predict a t? interaction potential (i.e., first order in
¢ Ve).1o712 Why did our calculations not reproduce this? To get
such a first-order excitonic effect requires coherent interaction
of the two molecules. The'Fster theory of FRET applies only
in the case ofvery weak couplingthat is, the intermolecular
coupling must be much weaker than the line width associated
with coupling between each molecule and a thermal bath.

phyll molecules in the photosynthetic antenna complex, energy COUPIiNg to a bath destroys coherence, so the interaction

transfer occurs on a time scale of 100 fs to 1 psUsger ~ poteﬁtial On_ly arises in second orQerV@. _
0.1ksT. It is possible to have coherent interaction of real molecules

in a bath. This coherence is the source of excitonic effects in
molecular aggregates and also occurs in photosynthetic antenna
complexes. When the intermolecular coupling is stronger than
How would one detect a force associated with FRET? the coupling to the bath, the spectrum of the pair ceases to
Detection is simple if the donor and acceptor have some freedomresemble the spectra of either isolated molecule. Under strong
of relative movement. The doneacceptor separation and coupling, we expect that there will be a force that is first order
relative orientation both affect the dipolar coupling matrix in the coupling. Because coupling in some molecular ag-
element,Ve. This matrix element in turn affects the optical gregatek?® can be larger thaksT, we expect excitonic forces
properties of the dimer: it determines the rate of FRET and to be strong.
the Davydov splitting. A time-dependence in either of these  |n summary, we have shown that an intermolecular force is
quantities indicates movement in the excited state. Because weintimately tied to the process of fluorescence resonance energy
assume conditions under which thérger theory is valid, the  transfer. This force can be thought of either as optical trapping
Davydov splitting is much less than the line width of donor or  of the acceptor in the near-field of the donor or as a radiative
acceptor. However, a small shift in the maximum of the donor |evel shift in the donor due to its damping by the acceptor. Every
emission spectrum may still be detectable. optical process modifies the electric field in the vicinity of the
The time-dependent spectral shift associated with FRET is molecule in which it occurs. Thus we expect that every optical
conceptually similar to the Stokes shift. The Stokes shift of a effect at finite molecular density has an associated intermolecular
single fluorophore arises from a relaxation of the local environ- force.

Integrations and the Kramer&ronig calculation were carried
out over the spectral window for which data was reported wit
no extrapolation to high or low frequencies. When the ratio o
integrals (labeled in the table as)gev/(fikrrer)) is Negative,
then the FF is attractive. At a separation equal to thesteo
radius,keret ~ 1/7p, SOUrreT & Altp Or the radiative line width
of the donor. This miniscule shift in energy would be very
difficult to detect. However, for separations typical of chloro-

V. Discussion
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