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SI Text

Delay Time Distribution and Photon Count Rates. In this section, we
obtain explicit expressions for the delay time distribution, count
rates, and FRET efficiency. In Fixed energy transfer rate, we con-
sider the simplest case when the energy transfer rate is fixed, de-
rive Eq. 2 in the main text, and discuss the y-factor. In the next
section (Influence of dynamics on lifetimes and count rates), we
present various general relations for the case of fluctuating en-
ergy transfer rate. When these fluctuations are slow compared
to the lifetime of the excited state, the general relations simplify
and we derive Eq. 3 in the main text (Average fluorescence lifetime,
count rates and FRET efficiency when dynamics are slower than the
lifetime).).

Fixed energy transfer rate. et us assume that the donor and ac-
ceptor photophysics are described by the three-state kinetic
scheme shown in Fig. 14 of the main text. The excited donor de-
cays to the donor ground state with rate constant kp (which in-
cludes both radiative and nonradiative processes), emitting a
photon with radiative rate constant k[39. The lifetime of the do-
nor in the absence of acceptor is 7, = kp'. Because the donor
excited state can also decay by transferring its energy to the ac-
ceptor with rate constant kgt, the lifetime of the donor excited
state in the presence of acceptor is 7* = (kp + kgr) .

First consider the distribution 9(6t) of delay times (i.e., the
time between the laser pulse and the photon arrival). The delay
times correspond to the decay of the excited state through the
radiative channel. In general, the distribution of the delay times
differs from the distribution of the excited-state lifetimes, which
reflect the decay of the excited state through any channel. How-
ever, for the simple three-state kinetic scheme, the distributions
are the same (single-exponential) independent of the decay
route:

P(6t) = (kp + kgp)e~kptken)dt — o=8/7" 17* [S1]
The mean of this distribution is
(6t) = / Pyt = (kp + ker)~! = 7*. (2]
0

The efficiency of energy transfer, ¢, can be defined as the prob-
ability that the excited donor state transfers its energy to the ac-
ceptor rather than decaying to its ground state. For the kinetic
scheme in Fig. 14, this is

ket
= BT S3
‘ kp + ket (53]

Because kp/(kp + kgt) =1 —kgr/(kp + kgr), it follows that
the ratio of the lifetimes of the donor excited state in the presence
and absence of the acceptor is related to the FRET efficiency by
™*/tp=1-e¢. [S4]

Now consider the donor and acceptor count rates n, and np
that determine the Poisson distribution of photons in a bin. They
can be expressed in microscopic terms as follows (see again
Fig. 14 in the main text). The number of donor photons detected
per unit time is the product of the probabilities that (i) the donor
is excited by the laser pulse (p.,), (if) the donor decays to its
ground state [kp/(kp + kgr)], (ifi) it does so by emitting a photon
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(¢p = k524 /kp, the fluorescence quantum yield of donor in the
absence of acceptor), and (iv) the photon is detected ({p, called
the detection efficiency), divided by the time between pulses, A.
This argument and a similar one for n,4 results in

_kp
kp + ket

ket
kp +kgr’
[S5]

np = pexdplpA’ Ny =Ppexpalal™

where ¢4 and {4 are the acceptor quantum yield and detection
efficiency, respectively.

The ratio of the donor and acceptor photon count rates is

np/ng = ¢pSpkp/Palaker. [Se]

Interestingly, it turns out that this ratio does not depend on
the donor quantum yield (¢p) or the donor lifetime (kp).
Although the energy transfer rate constant is usually written as
ket = kp(Ro/r)®, in fact RS is proportional to the donor quan-
tum yield (1). Thus the factor ¢pkp in Eq. S6 is canceled by the
same factor in kgp. An important consequence is that donor
quenching (which increases the nonradiative decay rate and low-
ers the quantum yield) does not influence the ratio of the accep-
tor and donor count rates.

It follows from Eqgs. S3 and S6 that the efficiency e is related to
the count rates by

ny

= S7
‘ ng+ynp 157]

where we have defined the y-factor as the ratio of the products of
the detection efficiencies and quantum yields:

- Caba
Cpdp’

[S8]

Let us now consider how the above parameters can be ob-
tained from the binned experimental photon trajectory (i.e., from
the random N4, Np, 7 in bins of length 7). The fluorescence
lifetime in a bin averaged over all bins is

Np
() = (3 o1/ Np) = (1) = "

i=1

[S9]

Because the distributions of both N 4 and N, are Poissonian with
count rates n4 and np, it follows that
(Nap)=napT. [S10]

Thus the relation in Eq. S4 can be rewritten (using Eqgs. S7 and
S10) in terms of the averages over bins as

(N4)

O/ =1 =y o)

[S11]

If one wants to convert photon counts N4 and Np into FRET
efficiency before further analysis, one needs to define the random
energy transfer efficiency E in terms of N4 and Np. In the past
(2) we advocated the definition E = N 4 /(N 4 + Np) because the
average of E over all bins is exactly given by
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N4 Ny
E) = = . S12
& = (i) = e [s12]
This is true for a Poisson distribution relation of photon counts
even in the presence of a cutoff imposed on the number of
photons. The quantity n,/(n4 + np) is commonly called an ap-
parent FRET efficiency in contrast to the “true” FRET efficiency

e. Using Egs. S7 and S12, we can rewrite Eq. S4 in terms of the
measured (E) and () (3)

(t)/tp=1- » (E) [S13]

+ (1 =yNE)

For y = 1, this reduces to Eq. 2 of the main text.

Now, one can make Eq. 2 of the main text valid (to an excellent
approximation) even when y # 1 by defining the random FRET
efficiency in a bin as E' = N,/(N4 + yNp). By using the ap-

proximation
A\ _(A) [ (545B)
<B>N<B> (1 (4)B) "

where X = X — (X), one can show (using (SN 46N p) = 0 and
(6N?% p) = (N 4p) for uncorrelated photons with Poisson statis-
tics) that

<E'>:< N4 >~ ny (]+ Y(V_I)HD )
N4s+yNp/ n4q+ynp (ng+ynp)*T

[S15]

2
(0B >>, [S14]

(B)?

The correction term is small when the average total number of
photons in a bin is large (say, greater than 10). With this defini-
tion of the random FRET efficiency in a bin, the relation between
the bin averaged fluorescence lifetimes and FRET efficiencies is

(r=I(EN1=(E"))

@/ = 1= B0 W)

[S16]

The last term in the above relation is usually very small. If this
term is neglected and the primes on E’ are dropped, we again
recover Eq. 2 in the main text. Thus, when y # 1, even for the
simplest case, there are a few subtleties that fortunately can be
easily handled in practice.

Influence of dynamics on lifetimes and count rates. When the energy
transfer rate kg fluctuates, the relationship between the FRET
efficiency and fluorescence lifetime becomes more complicated.
We begin by expressing the quantities of interest (i.e., excited-
state lifetime, fluorescence lifetime, FRET efficiency, and count
rates) in terms of the population of the donor excited state.

Consider a donor that is prepared in its excited state D* at
t = 0. In the simplest case considered above (see Fig. 14 in the
main text), its population decays as p(D*, t) = exp(—(kp + kgr)?),
which is actually the probability to be in the excited state at time ¢
(i.e., the survival probability of D*). When the energy transfer rate
ket fluctuates, the decay of the excited state is multiexponential
and is formally given by the path average

t
p(D*, [) = <€Xp(—th —‘/0 kET(t/)dt/»x(t)’ [S17]

where x denotes all coordinates (distance, orientation) that can
influence the energy transfer rate. For a model of the dynamics
described by an operator Z, the evaluation of the path average
can be reduced to the solution of
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op(D*,x,t)

Ey [S18]

= [Z —kp —kgr(x)lp

subject to the equilibrium initial condition p(D*,x, 0) = peq(x).
The equilibrium population p.q(x) satisfies Zp.q(x) =0 and
JPeq(x)dx = 1. The population of the donor excited state is

p(D*,t) = /p(D*,x, 1)dx. [S19]

Now we present expressions for various quantities of interest in
terms of the donor excited-state population.

1. The light intensity in ensemble measurements, (), is related
to p(D*, t) by
I(t)/1(0) = p(D*, 1). [S20]
2. The distribution of the donor excited-state lifetime is the prob-
ability density that the excited state disappears (to any state,
radiatively or nonradiatively) between time ¢ and ¢ + dt. Be-
cause [p(D*,t) — p(D*, t + dt)] is [-dp(D*, t) /dt]dt, the prob-
ability density is given by —dp(D*, t)/dt. This distribution is
normalized:

/)m(—dp(D*, 1)/dt)dt = p(D*,0) = p(D*, w0) = 1.

The mean lifetime of the excited state, (z*), is

(r*>=/} t(—dp(D*,t)/dt)dtz/) p(D*, t)dt

- / “ 1(6)/1(0)dt. [S21]

0

The second equality is obtained by integrating by parts and
using p(D*, o0) = 0.

3. The FRET efficiency, ¢, is the probability that the excited state
decays by transferring its energy to the acceptor and is given by

e = / ” / ker (0)p(D*, x, £)dxdt. [S22]
0

4. The probability that the excited state decays to the ground
state is 1 — ¢ and is equal to

1—8:/w/kDp(D*,x, t)dxdt = kp /oop(D*,t)dt
(N Jo

= (t%)/p,
[S23]

where we have used Eqgs. S19 and S21. This equation is the
general relation between the mean lifetime of the excited state
and the FRET efficiency. It is simply a statement that the ex-
cited state can decay either by transferring its energy to the
acceptor or by returning to its ground state.

5. The normalized distribution of excited-state lifetimes on con-
dition that the excited state decays to its ground state through
the radiative channel is the same as the distribution of delay
times, 2(5t), and is given by

p(D*, 8t) 1(8t)
P(6t) = - =+ [S24]
0= J (D" 0t~ Iy 1)
so that the mean delay time is
20f8
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The mean delay time is equal to the average fluorescence life-
time in a bin, (7) = (Y02 6t;/Np) = (5t). However, only
when p(D*,t) is a single exponential are the lifetime of the
excited state, (z*), and the fluorescence lifetime, (), equal.

6. Photon count rates (fluorescence intensities) can be shown to
be (4)

P(t)dt = [S25]

(=) ng=petalad'e. [S26]
where ¢ is defined in Eq. S22. From these expressions, it fol-
lows that relationship [S7] between FRET efficiency and
photon count rates is valid even in the presence of submicro-

second fluctuations of the energy transfer rate.

np = PpexPpCpA~

Thus, in the presence of dynamics on a timescale comparable
to the lifetime of the excited state, the problem of calculating the
count rates and the delay time distribution is rather involved.
However, there is a simple relation between the excited state
(not fluorescence!) lifetime and FRET efficiency (photon count
rates):

"1 (E),

Y ip=l-e=1-——2_
(z*)/7p P

[S27]

where n 4 and np are the donor and acceptor count rates and y is
the ratio of the products of the detector efficiencies and quantum
yields, Eq. S8. The last equality holds when the random FRET
efficiency in a bin is defined as E = N ,/(N4 +yNp) and the
number of photons in a bin is sufficiently large.

Average fluorescence lifetime, count rates and FRET efficiency when
dynamics are slower than the lifetime. When the fluctuations of the
energy transfer rate are slower than the donor lifetime, it follows
from Eqgs. S18 and S19 that the population of the donor excited
state is

mmn:/mww+@mm%ww

= <CXp(—(kD + kET)t)>s [SZS]
where we have replaced the averaging over various paths by the
averaging over the distribution of interdye distance and/or dye
orientation, ((...)) = /(...)peq(x)dx.

The average lifetime of the excited state, from Eq. S21, is

@y = [ P9 gy ). 1529)
kp + kg (x)
The distribution of delay times, from Eq. S24, is (5)
9’(&) _ <exp[_(kD + kET)atD [S30]

((kp + ker)™")

and so the average delay time, which is equal to the average fluor-
escence lifetime (see Eq. S25), is

[Tkp + kex( )] 2Peq(x)x
f kp + kgr(x

_ ((kp + kgr)~?)
[7'peqx)dx  ((kp +ker)™")’
[S31]

(61)

Thus the average lifetime of the donor excited state is not the
same as the average fluorescence lifetime. Physically, the reason
is that states with smaller energy transfer rates are more likely to
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emit donor photons. As a simple example, consider a molecule
with two equally populated states with large and small energy
transfer rates, which correspond to short and long lifetimes.
The average lifetime of the excited state (i.e., the lifetime when
every decay of the excited state is counted) is just a simple arith-
metic average of the short and long lifetimes. To find the average
fluorescence lifetime, only those events that result in a donor
photon should be taken into account. There are more donor
photons emitted from the state with the longer lifetime (small
energy transfer rate), therefore, this state has a larger weight.
Under the above conditions (slow fluctuations of the energy
transfer rate), the count rates are (see Eqs. S22 and S26)

k
_ 0 ET
ng =pexPalaA <k71) +kET>

[S32]
np = Pextl A-1<7kl) >
D ex¥D5D kD ¥ kET .
With these count rates, the mean FRET efficiency is
N4 kg (x) < kgt >
n4+ynp kp + kET(x)peq(x) kp + ket
[S33]
To get Eq. 3 in the main text, we write (kp + kgr) ™! = 7p[1 —

ker/(kp + kgr)] and so

((kp +kgr)™") = 7p(1 = (E))
((kp +kgr) ™) = 7p((1 -

where 62 is the FRET efficiency variance:

o2 = (ki /(kp + ker)?) — (ker/(kp + ker))?

kix ket 2
/ (kp + kET)zpeq( X~ kp + kETpeq(x)dx .
[S34]

Using these expressions in Eq. S31, we get Eq. 3 in the main text.
Finally, the second moment of the delay time distribution in
Eq. S30 is

o -3

(82) = / PP(t)dt = 2 {kp + ki) ™) +kET)_ ) [S35]
0 ((kp +ker)™")
This expression can be used to simulate fluorescence lifetimes
in a bin (see Methods) when the fluctuations of the energy trans-
fer rate are on a timescale between the donor lifetime (nano-
seconds) and the interphoton time (microseconds). In the ab-
sence of the fluctuations, the above equation reduces to (6t%) =
2(kp + kgr) ™2 = 2(st)?, as expected for exponentially distribu-
ted delay times.

Joint Distribution of Photon Counts and Fluorescence Lifetimes. In this
section, we derive Eq. 5 in the main text for the joint distribution
of the numbers of photons and lifetime in the presence of con-
formational dynamics on a timescale longer than the interphoton
time. For the sake of simplicity, consider photons of one color
emitted by a molecule with interconverting conformational states.
We are interested in finding the joint distribution P(N, ) of de-
tecting N photons during bin time 7 and lifetime in a bin defined
ast= YN, &t;/N, where &t; is the time interval between the laser
pulse and the detection of ith photon.

For a single conformational state, the photons are uncorre-
lated and the joint distribution is
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P(N.7) = eTP(z|N), [S36]

where n is the mean number of photons per unit time (the count

rate) and P(z|N) is the distribution of the lifetimes in bins con-
taining N photons:

N

P(z|N) = / 8(r— i 8t;/N) [ [ 2(t;)dst;.
i=1

i=1

[S37]

Here 2(6t) is the distribution of the delay times. The lifetime
distribution P(z|N) is known analytically (the gamma-distribu-
tion) only when the delay times are exponentially distributed.
When there are dynamics on nanosecond to microsecond time-
scale, the delay time distribution 92(5¢) is not exponential and
depends on the details of the submicrosecond dynamics.

When conformational states, s(f), change on a timescale
comparable to or slower than the interphoton time, the photons
become correlated. Conformational changes modulate the count
rate, n(t) =n(s(t)), and the delay time distribution, 2(5t|t) =
P(5t|s(t)). Our first step is to find the joint distribution
P(N, 7) of N photons and lifetime 7 for a specific conformational
trajectory s(¢). To this end, consider a sequence of photons de-
tected at ¢, ..., ¢y with the delay times &, ..., 6ty in the interval
[0, T]. The probability distribution to detect such sequence of
photons is

— [T n(e)de
eI G Gty e ). P (Bl (1)
e MO gt |t ey Y a0

Here, reading right to left, exp(— /' n(¢)dt) is the probability that
no photons are detected between initial time and ¢, n(t,) is the
probability density to detect a photon at ¢, (6t |t;) is the prob-
ability density that this photon has the delay time 6¢;, etc. This
distribution is then multiplied by 6(z — YN, 6t;/N) and inte-
grated with respect to all 6¢; as in Eq. S37. In addition, because
the photons can be detected at any time during bin time, one must
also integrate with respect to all ;. Thus the joint distribution for
a specific conformational trajectory is

; N N
PN, 1) = e~ Ju" o / 5(e = 3 81/ N) [ [ nle)(at ) st
i=1

i=1

[S38]

Here the integrals with respect to &t; are from zero to infinity,
the integrals with respect to #; are time-ordered so that
0<t;,<t... <ty <T.

We now use the Fourier representation of the 8-function

o jwr—iw TN 6t
3(c =N 6t,/N) = / TR N [S39]

—00

dw/2n

in Eq. S38 and integrate first with respect to §¢; and then ¢; using
the identity

ATdt1 [letz...zNi dtNﬁf(t,-,w) = <ATf(t, w)dt) N/N!

where we have defined

ft,w) =n(r) Aw P(8t;|t) exp(—iwdt; /N )dst;. [S40]
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In this way we get

T N
?(N, ) = e—ﬁ) n(t)dt/geiw1 </ Tf(t, W)dl‘) /N! [S41]
0

This equation can be rewritten as

- A T)Y

P(N,7) = e T TP(|N)

[S42]

where 2T = [I'n(t)dt and

P(z|N) = /d_weiwr(M)N

2 nT

Using Eq. 840 for f(¢, w) and applying the Fourier representation
of the 3-function in Eq. S39 backward, P(z|N) can be written as

N N
P(z|N) = / 5(t - Z 8t;/N) [ [ 2 (s1:)dst;, [S43]
i=1 i=1
where we have defined P(5¢) as
— o Jol P (stlt)n(e)dt
P(6t) = T Tatdr [S44]

Thus P(z|N) is the distribution of z = Y, 5t;/N, where delay
times 6t are distributed according to 9(5t).

Comparing Eqs. S42 and S43 and Eqs. S36 and S37, we see
that, for a specific conformational state trajectory, the joint dis-
tribution has the same form as that for uncorrelated photons, but
with the parameters 71 and 2(5t) that depend on the state trajec-
tory s(¢). This distribution is then averaged over all possible state
trajectories:

A TY

P(N.7) = <Te_ﬁTF(T|N)> [S45]

s(t)

The above reasoning can be readily extended to photons of two
colors, resulting in the joint distribution P(N 4, Np,7) of the
number of the acceptor and donor photons and donor lifetime
given in Eq. 5 in the main text.

Joint Distribution for a Two-State Molecule. Consider a molecule
with two states that interconvert with the transition rate constants
ky (1 - 2) and k, (2 —» 1). The photon count rates in state s
(s =1,2) are ny, and np,. The distribution of the donor delay
times is %, (5t). The first two moments of the delay time distribu-
tion are (5t), and (5¢2),. For the exponential delay time distribu-
tion, P(5t) = exp(—bt/zy)/7,, the moments are (6f); = 7, and
(6t%), = 2¢2. The joint distribution of the numbers of acceptor
and donor photons and donor fluorescence lifetimes is (see
Eq. 7 in the main text)

1, T\Nalin, T1ND S
P(N4.Np.71)= / Me—<”A+”D>TP(T\ND)P(0|T)da,

o N4 Np!
[S46]

Where flA = nAIH—I—nAZ(l —9), l:lD = le19+nD2(1 - 0), and @ is

the fraction of time spent in the first state during bin time 7.
P(0|T) is the distribution of 0, which is known analytically (6):
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P(O|T) = p1e™75(0) + pre™T5(1 - 0)

+2koTp1ps(Io(y) + ko T(1 = 2)1,(y) /y)e =T,
[S47]

where ko =k, +ky, py =ky/ko =1—=pp,y =2koT\/p\p,0(1 -0),
z=p,0+p,(1-0),and I,(y) is the modified Bessel function of
the first kind of order n. P(z|Np) is the distribution of
T = Zfi ? §t;/ N p, where &t; have distribution 9(t):

Pot) = P1(6)np10 4+ P (8t)npy (1 - 0)
np10+np(1-9)

[S48]

Note that this distribution varies from bin to bin.
The mean (7) and variance (6%) of P(z|Np) can be expressed
in terms of the moments of the delay time distribution 9(5t) as

- ( / °°t2§(t)dt—?2)/ND. [S49]
0

Using Eq. S48 for &(5t), we have

7 =[(0)(5t), + [1 = f()(51),
a2 = (f(0)(5t*), + [1 = f(0))(6*), —7%) /N,

where f(0) =np,0/[np 0 +np,(1-6). For large photon
counts, Np > 1, P(z|Np) can be approximated by a gamma-dis-
tribution with parameters that ensure that mean and variance are
correct:

[S50]

P(z|Np) = % e P /T(a) a=7%/52,

p=1/c%
[S51]

where I'(a) is the gamma-function. The resulting lifetimes are al-
ways positive. Moreover, the distribution in Eq. S51 becomes ex-
act when the delay times are exponentially distributed and 8 = 0
ord=1.

Two-State Dynamic Lines. In this section, we consider the joint dis-
tribution of FRET efficiencies and fluorescence lifetimes,
P(E, 7), for a two-state molecule in the limit of large photon
counts (no shot noise) and derive equations for the two-state
dynamic lines (Eqgs. 8-10 in the main text). Random FRET
efficiency is defined as E = N 4 /(N4 + yNp), where y is the cor-
rection factor which was discussed earlier in Fixed energy transfer
rate. The distribution P(E, 7) is related to the distribution of
photon counts and lifetimes, P(N 4, Np, 7) as

N
P(E7)= 5(E—m)P(NA,ND,r). [S52]

N4.Np
In the limit of no shot noise, the Poisson distributions and
P(z|Np) in Eq. 5 in the main text for P(N 4, Np, r) become

§-functions and the summation over photon counts can be re-
placed by integration, so that we have

P(E,7) = / <5<E -ﬁ) (N, =i, T)

X 5(ND —ITZDT)(S(T—?)> ’

- <5(E —_”4/‘_)5(1 —?)> :
ny+ynp 5(0)
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dN 4dNp
)

[S53]

where we have evaluated the integrals over N4 and Np. For a
two-state system, this becomes

[ s(E—— " N\so_=
P(E,7) = / 5(E ﬁAﬂﬁD)a(f HPO|T)d0,  [S54]

where P(6|T) is given by Eq. S47 and
fg=ngn0+ngn(l-0)  fAp=np6+np(l-0)
‘rlnD10+‘ran2(l —0) [SSS]

np16 +np (1 -6)

T =

Here n 4, and np, are the photon count rates of states s = 1, 2,
and 7 is the first moment of the delay time distribution of state s
[ty = [t (t)d1]. Integration with respect to 0 now allows us to
express 6 in terms of E, n 4, and np,, and then to express 7 in
terms of E, e =nys/(ny +ynps), and 7z, s =1,2. In this
way, we find

P(E.7) = 8(r - f(E)) / 5(15 - L) P(0|T)d6, [S56]

ng+ynp
where
_ _ —_E)E -
f(E):TL o (T& 7281_E+(€2 )( 51). [S57]
&1 — & TN — 7 ]—E

The first term in the above equation for P(E, 7) (the §-function)
leads to the equation for the two-state dynamic line (Eq. 8 in
the main text). The second term (the integral) is the FRET effi-
ciency distribution in the absence of shot noise which we consid-
ered previously in the special case that y =1 and ny, +np, =
Ny +np, (7).

Note that the above derivation does not use specific expres-
sions for the count rates and lifetimes of the states and, therefore,
is valid for any value of the y-factor. In the special case that the
energy transfer rate only fluctuates on timescale faster than the
fluorescence lifetime, the FRET efficiencies and lifetimes of the
states are related as z,/tp = 1 — ¢, and the equation for the two-
state line simplifies (see Egs. 9 and 10 in the main text). The y-
factor in this case is the ratio of the acceptor and donor quantum
yields and detection efficiencies.

The above derivation for the two-state dynamic lines can be
extended to a multistate molecule, in which case the two-state
dynamic lines correspond to only those bins during which the mo-
lecule visits two states.

Two-State Dynamic Lines for Diffusing Molecules. In this section, we
prove that Eqgs. 8-10 in the main text for the two-state dynamic
lines are also valid for diffusing molecules. The count rates de-
pend on the location of the molecule in the laser spot through the
dependence of the excitation probability (p.,) and the detection
efficiencies ({4 p) in Eqs. S5 or S26. Thus, when a molecule dif-
fuses through the confocal volume, the donor and acceptor count
rates, n4 p(R, s) (which depend on state s and location in the spot
R) fluctuate due to transitions between states and due to diffu-
sion. The distribution of the delay times, 2(t|s), is modulated
only by the interconversion between the states.

Our starting point is the generalization of Eq. S53 for the
FRET efficiency and lifetime distribution in the absence of shot
noise

iy
PE,71)=(6| E——F"—|6(r— . S58
(£:7) < ( ny +7”D) = T)>s(t).R(z) (5581
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The time average count rates and lifetime are now givenby 4 p =
[Inap(R(t),s@)dt/T and 7= [Inp(R(t),s(t))z(s(r))dt/np.
Note that, in contrast to the count rates the fluctuating delay time
distribution and its first moment 7(s(¢)) = /| g°t’ P(t'|s(t))dt’ do
not depend on the location of the molecule in the laser spot.

In the special case of a molecule with two conformational
states, labeled 1 and 2, the random state variable s(¢) can either
be 1 or 2. For the sake of convenience, we introduce the Kroneck-
er 8-function §; (), which indicates when the molecule is in state
1[i.e.,itis 1 when s(t) = 1 and 0 otherwise]; &, () indicates when
the molecule is in state 2. Because the molecule must be in one of
the two states, & ) + 8,4 = 1. Consequently, we can split the
time-averaged count rates into two contributions as

Ny =ny + Ap =np; + A, [S59]

where we have defined Mg = /0 ny(R 8i5(ndt/T and
ipi= [l nD i sndt/T with i =1, 2 Here for example,
ny(R(r),1)is the ﬂuctuatlng acceptor count rate as the molecule
in state 1 diffuses through the laser spot.

Similarly, we can express 7 as

7= w [S60]
np) +npy

or, equivalently,

(T—7)ap + (T —12)ipy =0, [Seé1]
where 7| (7;) is the first moment of the delay time distribution of
state 1(2).

To obtain the desired result, we only need to exploit the fact
that if the donor and acceptor detection efficiencies have the
same dependence on R, then the y-factor, Eq. S8, does not
change as the molecule diffuses through the spot. Then it follows
from Eq. S26 that

na(R(0). 1) = np(R(1). 1)
782' [S62]
na(R(t),2) “1oe p(R(2),2),

where ¢; is the FRET efficiency in state i = 1, 2, which does not
depend on the location in the laser spot. Then multiplying both
sides of the first (second) equation by &, s (5,,5)) and integrat-
ing with respect to ¢ from 0 to 7T, we fin

YEL - ~ ré2

flgr = Apy  fg = ips. [S63]
1- €1 1- &y
These identities allow us to write 714 in Eq. S59 as
_ € . £
=T T [S64]
1- £ 1- &)

Therefore, we can rewrite the equality E =ny,/(ny + yip),
which is the consequence of the first 6-function in Eq. S58, in
terms of 7p, and 7n1p, as

E £ - E & = _
(—1 . E‘ﬁ)”m + (ﬁ‘l_—gz)"m =0. (8631

Now this equality and Eq. S61 can both be valid for nonzero 7np;
only if the determinant of the coefficients vanishes:

T— 71 T— (%)
E _ & E _ & |=0. [S66]
1-E  1-¢, 1-E  1-g
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The solution of this secular equation is 7 = f(E), where f(E) is
given in Eq. S57 and Eq. 8 of the main text. Thus in the limit of
large photon counts (no shot noise),

P(E,7) = 6(r — f(E))<5(E - ’uj’rﬁ) >Sm.Rm [S67]

so that Eqgs. 8-10 for the dynamic two-state lines hold for diffus-
ing molecules. The only assumption required is that the acceptor
and donor detection efficiencies have the same dependence on
the position of the molecule in the laser spot.

Generating Function in the Presence of Diffusion and Conformational
Dynamics. Our previous derivation of a formula for the generating
function of the probability of finding N 4 acceptor and N, donor
photons in a bin (2, 8) can be readily generalized to include donor
fluorescence lifetimes. The result is

Z / 24" (Ape=) N0 P(N 4, Np, 7)dz

N4.Np

= eXp<clT/(g—p)dR>,

where c is the concentration of diffusing molecules, p is the col-
umn vector of equilibrium probabilities of M discrete states, 17 is
the row vector with all elements equal to 1, and the vector g(R, 1)
satisfies

[S68]

=[D,V2+K-(1=-A)N 4 =Np+ipPNplg  [S69]

subject to the initial condition g(¢ = 0) = p. Here D,, is a diagonal
matrix with the translational diffusion coefficients of the various
states on the diagonal, N 4(N ) is the diagonal matrix with ele-
ments 71,4(R) [nps(R)], s =1, ..., M, where R specifies the loca-
tion of the molecule in the laser spot and P is a diagonal matrix
with elements /& exp(—zt)%(t)dr, where () is the delay time
distribution in state s.

Joint Distribution for Diffusing Molecules. In this section, we consid-
er the joint distribution for diffusing molecules with multiple in-
terconverting conformational states. As mentioned in Two-State
Dynamic Lines for Diffusing Molecules, the donor and acceptor
count rates, ny p(R,s), depend on the conformational state s
and the location in the spot R. The count rates fluctuate due
to transitions between states and due to diffusion. The distribu-
tion of the delay times, &(5t|s), is modulated only by the inter-
conversion between the states.

The averaging in Eq. 5 (main text) should be performed over
both the state trajectories, s(¢), and the trajectories of the diffus-
ing molecule, R(#). The joint distribution can be written as

(s TN [ap T)NP

P(N4,Np,t) =
(A’DT)<NA Np!

e~ PN )

s(t),R(t)
[S70a]
nTNA+ND N +Np)!._
(e T N e (18 PN )

(NA+ND) N4!Np! 5(0).R(0)
[S70b]
where we have defined i =ny +np, figp = [Inapt)dt/T,
nap(t) =np(R(),s(t), and € =n,/(4 +np), P(z|Np) is
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the distribution of 7 = Zl]i’j ot;/Np, where 6t; are distributed
according to

Jo" P(Stls(0)np (t)dt

Ji np()at (7]

P(6t) =

We now assume that the total count rate does not depend on
the conformational state, 74 (R, s) + np(R, s) = n(R), so that the
n depends only on the diffusive trajectories. This assumption im-
plies that the y-factor is equal to 1. If the donor and acceptor
detection efficiencies have the same dependence on R, it follows
from Eq. S26 that the apparent FRET efficiency, defined as
ny(R,s)/(ng(R,s)+np(R,s)) = e(s), does not depend on the
location in the laser spot T hen € can be written as
e = [In(R({)) dt/f0 ))dt. Note that &, because it in-
volves the ﬂuorescence 1ntens1ty, stlll depends on the diffusive
trajectory. Only if we assume that fluctuations of n(R(f)) due
to diffusion are small (i.e., it is essentially constant during the
bin time), can we write ¢ ~ [le(s(¢))dt/ T, which is why the dis-
tribution does not exactly factor. If we make the same quasi-static
approximation to the distribution of lifetimes—i.e.,

. Van der Meer BW, Coker G, Chen SYS (1994) Resonance Energy Transfer: Theory and
Data (VCH, New York).

Jo' n(R())[1 = e(s(2)] P (8t]s(2))dt
fo n(R(0))[1 — e(s(2))]dt
SIEICOC T
SOt — e(s(r)))dt

P(5t) =

[S72]

—then the averaging over diffusion and state trajectories in
Eq. S70b can be decoupled, so that

P(N4, Np, )

(NAJ’_ND)' N \N»D
~P(Ngy+ Np)——————(e"1(1 —€)"2P(z|Np))ss»
(N Np) S e (1= &) Vo PN )

[S73]

where P(N 4+ Np) = ([aT]N+*No exp(=iT) /(N4 + Np)!) g
is the distribution of the sum of donor and acceptor photons,
which depends on diffusing trajectories and is taken from
the data.
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Fig. S1.

FRET efficiency and lifetime density histograms for a molecule with four interconverting states with three different connectivities as a function of

increasing bin time (rows, top to bottom T = 1, 6, and 30 ms). FRET efficiencies of the states are ¢y = 0.2, &, = 0.4, e3 = 0.6, and ¢4 = 0.8. The relative lifetimes
are 0.8, 0.6, 0.4, and 0.2. The histograms were simulated using the algorithm discussed in Methods with nss + nps = 100 ms=', s = 1, 2, 3, 4. (B) The super-
position of the histogram for T = 6 ms with the two-state dynamic lines (black) calculated using Eq. 9 in the main text for all pairs of directly connected states.
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Fig. S2. FRET efficiency and lifetime histogram for a model of two-state protein. The interdye distance r in the unfolded state fluctuates on a timescale slower
than donor lifetime (nanoseconds) (1). The distance distribution is the same as that of a Gaussian chain, peq(r) = 4nr?(27(r?)/3)=3/2 exp(-3r2/2(r?)), with
\/(r?) equal to the Forster radius R, (the energy transfer rate constant is kgr = kp(Ro/r)®). The FRET efficiency and the average fluorescence lifetime in
the unfolded state were calculated using Eqs. $33 and S31 (Eq. 3 in the main text), &, = 0.603 and 7, /7p = 0.684. In the folded state, the interdye distance
is 0.8Ry and does not fluctuate. The FRET efficiency and the lifetime in the folded state were calculated using Egs. S2 and S4 (Eq. 2 in the main text), e, = 0.792
and 7,/7p = 0.208. The histograms were simulated using the algorithm discussed in Methods for folding and unfolding rates equal to 0.1 ms~', bin time
T =3 ms, and total photon count rates in both states n,; + np; = 100 ms~', s = 1, 2. The second moment of the delay time distribution required for the
simulations is calculated using Eq. $35. The two-state dynamic line (black) was calculated using Eq. 8 in the main text.

1 Nettels D, Gopich IV, Hoffmann A, Schuler B (2007) Ultrafast dynamics of protein collapse from single-molecule photon statistics. Proc Nat!/ Acad Sci USA 104:2655-2660.
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