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ABSTRACT We present a theoretical model to account for the quenching data of macromolecular fluorescence and
phosphorescence when the accessibility to the quencher is gated by a dynamic mechanism coupled to the fluctuation of
the macromolecular matrix. We show that the model currently in use to interpret gated quenching processes gives only
approximate results in both qualitative and quantitative terms, and it can be regarded as a specific case of the presented
model. We show that the gating dynamics affect both the apparent accessibility (aq,) and K,, values obtained by the
modified Stern-Volmer plot. The effect of gating on &, and K,, depends upon the relative rate of gating compared to the
excited state lifetime. The model allows us to predict the effect of viscosity on quenching if it takes place by a gated
mechanism. The prediction can and is, in this case, compared to the existing data on glycerol effects on acrylamide
quenching of the tryptophan fluorescence in RNAse T,. The result shows that a simple gated model is not compatible

with the observed quenching behavior.

INTRODUCTION

The recognition that protein dynamics plays an important
role in the biological functions of proteins is now shared by
many investigators (McCammon and Karplus, 1980;
Somogyi et al., 1984a). This is indicated by the ever-
increasing number of articles dealing with the possible
biological role of fluctuations in macromolecules. The
search for methods able to give information about details
of the dynamics of macromolecules is of high priority
(Austin et al., 1974; Hevessy et al., 1981; Karplus and
McCammon, 1981; Xu and Weber, 1982; Parak and
Knapp, 1984; Haas and Steinberg, 1984; Somogyi et al.,
1984b, 1985). One of such methods, the study of the
quenching of built-in fluorophores like tryptophan in pro-
teins by agents in solution was initiated by Lehrer (1967,
1971) and Lakowicz and Weber (19734, b). The use of
iodide and oxygen in these investigations was followed by
use of acrylamide and other organic molecules (Eftink and
Ghiron, 1975, 1984).

Such studies, besides determining the quenchable
nature of specific residues, yield information about the
structural dynamics of the protein matrix. The precise
nature of the dynamic parameters reflected in the quench-
ing parameters is, however, still subject to uncertainty due
to the ambiguous nature of the kinetic models used to
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describe the process of quenching. The interpretation of
fluorescence data, as well as of phosphorescence data, is
extensively based on a simple steady state model borrowed
from the hydrogen exchange literature (Barksdale and
Rosenberg, 1982; Calhoun et al., 1983 a, b)

. ko . k. [Q]
Al=—AF + Q— A,. (1)

el

Q is the quencher molecule in solution; 4 and A* are the
ground and excited states of the fluorophore; subscripts cl
and o stand for the nonaccessible (closed) and accessible
(open) states. The constant k is the biomolecular quench-
ing constant characteristic of the rate of the encounter
complex formed between the exposed fluorophore and the
quencher molecule. Detailed analysis of the rate equation
derived from the above reaction scheme has led to the
development of a model able to account for the oxygen
quenching of porphyrin fluorescence in Mb**f¢ and Hb**F
(Gratton et al., 1984; Jameson et al., 1984). The corre-
sponding molecular mechanism was one where oxygen
molecules penetrate or diffuse through the protein matrix
which remains in the native conformation state. Such a
mechanism is quite similar to the so-called solvent penetra-
tion mechanism proposed for hydrogen exchange under
certain conditions (Barksdale and Rosenberg, 1982;
Woodward et al., 1982). The penetration mechanism,
while now generally accepted as valid for oxygen quench-
ing (Calhoun et al., 1983b; Hagman and Eftink, 1984;
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Jameson et al., 1984), remains to be proven for other
nonionic quenchers such as acrylamide (Eftink and Ghi-
ron, 1984; Englander and Kallenbach, 1984). However,
when considering ionic quenchers, such as iodide, the
penetration scheme seems quite unlikely.

For quencher molecules which cannot penetrate the
protein matrix, quenching of an internal fluorophore of a
protein requires the fluorophore to become occasionally
exposed to the solvent (and therefore to the quencher
molecules as well). In other words, the quenching in this
case is “gated” by the dynamic fluctuation of the protein
matrix (bringing the fluorophore to the exposed state and
back again to the buried one).

The present work will explore the consequences in terms
of kinetic equations and parameters of such a model based
on a more detailed scheme than the one presented in Eq. 1.
We also discuss proposed experimental variables to help
determine how this mechanism, with the resulting kinetic
model, allows interpretation of quenching data to identify
gated quenching phenomena.

THE MODEL OF GATED QUENCHING

Regarding the molecular-level details of gated quenching,
one first should consider the possible mechanism for the
transient exposure of the otherwise buried (not exposed to
the solvent) fluorophore. Basically, there are two processes
able to account for transient exposure:

(a) Due to the relatively high level of fluctuations in the
thermodynamic parameters such as volume, enthalpy,
entropy, etc. of proteins (Cooper, 1976; Lumry and Grego-
ry, 1986), there is a considerable probability that transient
channels, or holes, open in the protein body forming direct
connections between some, otherwise buried, protein
groups and the solvent. These transient holes (which can be
regarded as a kind of mobile-defect described by Lumry
and Rosenberg, 1975) then guide the quencher molecules
to the fluorophore. This view of gating is similar to the
penetration model, since it is hard to assume that in each
case these transiently formed holes close from the inside (to
ensure that no water (or solvent) molecules are trapped
within the protein body when closing is complete).

(b) A slightly different approach to transient exposure is
offered by the transition state kinetics of the overall
conformational fluctuations of proteins. The protein mole-
cule, fluctuating around the free energy minima character-
izing the native state, samples a number of high energy
states along the side of the potential well towards the
transition state. With certain probability it also samples
the transition state, however, in some instances, it falls
back to the native state instead of crossing the saddle point
towards the unfolded state. Such substates of high energy
are often described as being in partially or locally unfolded
states (Englander and Kallenbach, 1984), i.e. where the
nucleus of unfolded chain has not reached the critical size
necessary for the major unfolding to occur.

We emphasize that in both cases, many peptide groups
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are usually involved in the process by which the buried
fluorophore becomes exposed and then relaxes back again
to the non-accessible state. Therefore, instead of using a
well-defined potential shape to describe the buried-exposed
transition (Lee, 1983), we treat it as a result of the
movement of many independent groups, i.e. as the superpo-
sition of many independent local fluctuations. This means
that we regard the two states as being separated by a
potential barrier which is surmounted with a relatively
small probability. As a consequence, both states can be
characterized by some average lifetime (v,, and »,) and
exponential depopulation in time (which assumes that the
system has no “memory,” i.e. the transition probabilities
are independent of time) (McCammon and Karplus,
1981).

In formulating a reaction scheme, any sophisticated
model of gated quenching has to take into account the
A* — A transitions as well as transitions which can take
place equally well in both exposed and buried (i.e. open and
closed) states. Accordingly, instead of the sequential reac-
tion scheme of Eq. 1, the following, extended scheme
should be used:

ko = —
Vo
Acl AO
1
kcl -
Yo
1 1
Tl R @
1
ko = —
Va
k. (Q]
A} A As:Q
1
kcl =

In the analysis we assume that k, « L e [A¥] «
[A] = [A,] with [A] the total fluorophore concentration.
This is the assumption used to derive the Stern-Volmer
equation and is valid for the usual illumination conditions
utilized in quenching experiments. Further, it is also
assumed that both the A, — A% and A, — AF excitation
steps occur with the same k, pumping rate.

The mathematical description of the gated quenching
characterized by the above scheme might use several
approaches (see e.g., McCammon and Northrup, 1981;
Szabo et al., 1982). What we have found to be convenient
is a probabilistic approach concentrating on the characteri-
zation of the quenching process itself. Of course, it is also
possible to solve the appropriate differential equation
system at steady-state conditions. By doing this, we obtain
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exactly the same result as by using the presented approach
but with considerably more algebra.

Let a be the quenchable fraction of the fluorescence (or
phosphorescence) intensity, F, (i.c., the fraction of fluores-
cence emitted by those fluorophores involved in gating).
Then, 8 (= 1 — a) is the fraction which is not affected by
the quencher at all. Then, the total intensity can be written
as

Fo=F, + Fg = Foa + Fyf3. 3)

Since the « fraction of Fj is, by definition, involved in gated
quenching, the fluorescence intensity, F,p, coming from
that fraction in the presence of quencher molecules can be
expressed as

FaQ = WFa = WFoa, (4)

where W is the probability that the fluorescence constitut-
ing the fraction « of F, will not be quenched.

We then define the different independent events that
can occur in the closed and opened states of the fluorophore
when it is in the excited state. Considering first the closed
state, the probability wq. of the excited fluorophore decay-
ing (by either emitting a photon or by transferring energy
to neighboring groups) before it enters the open state is

Wae = ,[ i [1 - fo ‘ ﬁ,(t)dt]fac("]dt'. (5)

where fy.(?) and f,(¢) are the density functions describing
the decomposition of the excited fluorophore and the closed
to open transition, respectively. As stated earlier, the closed
to open transition follows an exponential distribution in
time, with y, being the average lifetime of the closed state.
Therefore, the form of fo(t) is

Vel

fo(t)dt = yiexp [- i]d:. (6)
cl

The decay of the excited state to the ground state also
follows an exponential distribution, with an average life-
time of 7. Therefore,
1 t
Sac(t)dt = —exp [— —}dl. O]
T T

Following the application of Egs. 6 and 7, w, becomes
simply

T Vel

1 1= .
T+ Vg + T

(®)

Wye =
Similarly, the probability w, that the excited fluorophore

becomes exposed to the solvent (the system enters the open
state) before its decay to the ground state is

“o = ~/o‘u [1 - _/owfd‘(t)dt]jb(t')dt' = ”d% . )

Considering next the open state, let f,(¢), f,(¢) and f,()
be the density functions characterizing the open to closed
transition, the quenching process and the excited state to
ground state transition (all possible decay pathways
excluding quenching), respectively. Accordingly, the prob-
ability w, that the open to closed transition takes place
before quenching or other decay of the excited state is

wa- [ “[1 - fq(t)dt][l - fdo(t)dt}fcl(")d"~ (10)

Similarly, the probability wy, that deactivation occurs in
the open state prior to quenching is

%=fo“[1 —fo"ﬁ,(z)dtH1 -_["fd(z)d:]f@(t’)dt'. (1)

Writing similar equations for f,(¢), fa(?) and f,(2) as in
Eq. 6 (with the characteristic lifetime of the appropriate

processes being (k,[Q])”', 7 and »,, respectively) and
integrating, we obtain

T
Tttt k., [Q]r,

(12)

@

Yo

W,

© v+ k(O] a3

Here [Q] is the quencher concentration and k, is the
bimolecular rate constant of the encounter pair formed by
the exposed fluorophore and the quencher molecule. k,
can be expressed (see, e.g., Eftink and Ghiron, 1981) in the
classical Smoluchowski formulation

k, = pAxNDr. (14)

Here r and D are the sum of the radii and the sum of the
diffusion constants of the molecules forming the encounter
pair, respectively, N is Avogadro’s number per millimole,
and p is a probability factor accounting for the steric
relations of the “collision.” Of course, the probability w, of
quenching during the time while the fluorophore stays in
the open state could be calculated in a similar way, but can
simply be stated as

Wy =1 — wy — wy,. (15)

Having defined all of the probabilities characterizing
the different pathways of the excited fluorophores, we
define the probability W by taking into account every
possible event resulting in deactivation excluding quench-
ing. This results in the expression

W = Py [wae + wo [0go + wa [wae + wo [wao + .. 1111
+ Py [wgo + wo [wac + wo [weo + wa [wae + ... 111, (16)
where P, and P, (= 1 — P,) are the probabilities that the

excited fluorophore can be found in the closed and open
states, respectively. The two infinite series composing the
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r.h.s. of Eq. 16 can be rearranged to

W = [Py(wse + wowso) + Polwao + wawar)] D_ whwh. (17)
i=0

Using the relationship
0<g<l, (18)
the closed form of W reads

W= Pcl (wdc + wowdo) + Po (wda + “’clwdc)

(19)
1 — wewy
To obtain expressions for P, and P, we consider a single
fluorophore for a time period, ¢ (¢ » v, vy), in which case
the time the system spends in the closed state is P, ¢, while
the time spent in open state is (1 — P,)t. Since v,and vy are
the average lifetimes of the appropriate states

Pyt 1 — Pyt
< u ift> v, 0, (20)
Yy Vo
By rearranging Eq. 20
Vo
P,y = 3 21
! L + Vo ( )
and consequently
1/
P, = ° 22
Ve + Vo ( )

By inserting the appropriate expressions for the different
probabilities into Eq. 19 and using Eq. 4, we arrive at

|4 p, KelQIr
A
F l+”—+”—
2w~ S (23)
« 1+T+”cl k+[Q]T
ol l
Va Vo

In the case defined by Eq. 3, i.e. when there is a fraction
of fluorescence that cannot be quenched, the most suitable
way to analyze the quenching data is to use the modified
form of the Stern-Volmer equation (Lehrer, 1971)

F, F, 1 111
Fom F AF  om ' amKa 101

Here F, and F are the fluorescence intensities in the
absence and the presence of quencher molecules, [Q] is the
quencher concentration, and g, is the fraction of fluores-
cence accessible to quenching by observation. K, is the
Stern-Volmer constant, which is usually given in the form
of

(24)

K, =k, (25)

where 7 is the lifetime of the excited fluoropore in the
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absence of the quencher and k, is the bimolecular rate
constant given by Eq. 14. (In the case of “weak” quench-
ers, when not every collision results in quenching, Eq. 25
should contain a proportionality factor, +, accounting for
this property (Eftink and Ghiron, 1984). To write the
modified Stern-Volner equation for gated quenching, one
can use Egs. 3 and 4 to obtain F, and F. Since F is the
fluorescence intensity in the presence of quencher, it is the
sum of the nonquenchable fraction, 8F,, and the remaining
part of the quenchable fluorescence, F,.q. Therefore, the
ratio (F, — F)/F, is given by a(l — W). This, in
combination with Eq. 23, can be rearranged to yield

Vo + vy 11 (26)

Converting this to the form of Eq. 24, the parameters qy
and K, appear as

Qg = O (27
and
Pok
K, -2 (28)
o

where o, is the “gated™ accessibility, i.c. the fraction of the
total accessibility, og,, accounted for by the dynamics of
the gating itself

Pcl T
Pyt +uy

a, =Py (1 + (29)

DISCUSSION

Our model, by taking into account the finite lifetime of the
excited state, allows the interpretation of a wide range of
structural lifetimes in terms of quenching parameters.
And, although our model was derived for fluorescence, it is
readily applicable to quenching of phosphorescence as well.
The complete model of gated quenching we present shows
that, provided a gating mechanism operates (and static
quenching is negligible), the quenching should be first
order over the whole range of quencher concentration.'

The last corollary sets our equations apart from those
most frequently used to interpret quenching data (Calhoun
et al., 1983). These authors and others express the appar-
ent quenching constant K, as

kik, (0]
kar k01"

Eq. 30 contains rate constants for the opening and closing

— - 1=K,[0] - (30$)

F

'The derived expressions are only valid (as they are) for uncharged
quencher molecules. In the case of charged quenchers further complica-
tions appear as effects on activity coefficients and on charge repulsion
terms.
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TABLE I
THE QUENCHING PARAMETERS OF GATED
QUENCHING IN THE LIMITED CASES

Dynamic Static
(v, v < T) (vo, vy > 1)
e a Pox
K, Pk .t k.1

of the gate ko, k. and is derived from the scheme presented
in Eq. 1 by assuming k> k, (see e.g. McDaniel and Smoot,
1956).

Due to the inherent nonlinearity of Eq. 30 experimental
data are as a rule fitted to the simplified expression valid
for the condition k, [Q] » k, (Calhoun et al., 1983)

k
Ky ~—

x, k.t =K.k, T

31
The derivation of Eq. 30 from scheme I, however, contains
the tacit assumption that the accessibility is 1. According-
ly, Eq. 30 is correct even when k, is comparable to, or less
than, k,[Q] (but ky » k) and the nonlinearity simply
reflects the decreased accessibility. By comparing Eq. 30
with our result we can conclude that it represents a special
case of our model, i.e. by equating « = 1 and assuming
k, » ko our Eq. 28 reduces to Eq. 30.

According to our model, the apparent accessibility (ctge)
and the Stern-Volmer constant (K,,) obtained by the

modified Stern-Volmer plot are shown by Eq. 26 to be
complex functions of the various lifetimes. The model
allows division of the gating into three time ranges:
dynamic (v,, 4 < 7), intermediate (v, vy = 7) and static (vq,
vy » 7). In the two time extremes, the dynamic and the
static, the quenching parameters can be simplified. The
resulting expressions are shown in Table L. In the interme-
diate time range, the effect of gating on these parameters is
described by Egs. 27-29. (Note that the expressions
“dynamic” and “static” describe the gating and must not
be mistaken for the similar expressions characteristic of the
quenching itself.)

The information obtainable from a linear function such
as the Stern-Volmer plot we use, is limited to two parame-
ters, the slope and the intercept. Obviously in order to
extract information about the gating process, character-
ized by P, and »,, we have to introduce new independent
experimental variables in addition to quencher concentra-
tion. The influence of the variables on the terms appearing
in the expressions for ay, and K,, can be predicted from
studies of the quenching of model compounds and from
studies of protein conformation by methods other than
fluorescence. Natural choices for the new variables are
temperature and viscosity.

Before application of our model and equations, one
should consider criteria for the validity for our basic
assumption, namely the gating mechanism itself. Alternate
mechanisms of quenching (by neutral quenchers), notably
by solvent and quencher penetration of the protein matrix
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FIGURE | Effect of viscosity. The modified Stern-Volmer plot of acrylamide quenching of the single tryptophan residue in ribonuclease T
in the absence (O—0) and in the presence (O—0Q) of 50% glycerol in Tris buffer, pH 7.0, at room temperature. Data points are taken and
transformed from the paper by Eftink and Ghiron, 1975. Straight lines were fitted by linear regression. The dashed line shows a curve having
the slope predicted for the gated quenching mechanism in the presence of 50% glycerol (without correction for any other effect of glycerol but

that of viscosity).
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TABLE II
THE PARAMETERS OF THE MODIFIED STERN-VOLMER
PLOT FOR THE ACRYLAMIDE QUENCHING OF THE
TRYPTOPHAN RESIDUE IN RIBONUCLEASE T,

Buffer 50% Glycerol
slope (M) 0.80 1.05
K, (M~ 1.63 (1.1%) 1.26 (0.9%)
o 0.76 0.75

*The K,, values are those obtained by Eftink and Ghiron (1975) using the
Stern-Volmer representation.

by a multistep random walk type of mechanism (Wood-
ward et al., 1982; Gregory and Rosenberg, 1985), will not
lead to the equations we present for gating. We have a
priori no reason to believe that such mechanisms do not
exist, especially in the case of very inaccessible residues.

In answer to that question, a useful relationship emerges
from Eq. 26. The inverse of the slope, a product of a, and
KL, is independent of a, (the fraction of total accessibility
accounted for by the dynamics of the gating process) over
the whole range of /v, ratios. Consequently it should,
when studied as a function of viscosity, show linear depen-
dence on viscosity, resulting from the well defined viscosity
effect on k, . This feature of our model can be applied as a
diagnostic test. To determine whether the quenching is
taking place via a gating mechanism one should study the
viscosity dependence of the slope of the modified Stern-
Volmer plot. Such a study, although as yet based on only
two viscosity values, has been carried out for the quenching
of the deeply buried tryptophan residue in ribonuclease 7,
by acrylamide (Eftink and Ghiron, 1975). To process their
data, the authors used the Stern-Volmer representation
which assumes the accessibility to be unity. In the case of
gated quenching, however, the apparent accessibility can
deviate from one (see above). This results in the necessity
to use the modified Stern-Volmer representation which can
easily be obtained by a transformation of the data points of
the Stern-Volmer plot. Accordingly, the data points
obtained by Eftink and Ghiron (1975) have been repro-
cessed (see Fig. 1) to see whether the acrylamide quench-
ing of the tryptophan residue in ribonuclease T, fits the
gating model. The re-plot resulted in a parameter set (see
Table II) showing slight deviation (due to & < 1) in K,
values from the ones obtained by Eftink and Ghiron
(1975). In contrast to our model, which predicts a 5.5-fold
increase in the slope of the modified Stern-Volmer plot
upon the 5.5-fold increase in viscosity (produced by 50%
glycerol at room temperature), the ratio of the slopes, with
and without the presence of 50% glycerol, is 1.31. This
finding supports the conclusion by Eftink and Ghiron
(1975) who suggested that quenching is taking place via an
alternate mechanism such as penetration rather than gat-
ing, unless P, for the possible gating changes in a compen-
satory manner with viscosity. This is unlikely because both
vy and v, are influenced in the same manner by viscosity
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and the specific effect of glycerol on the stability of open
conformations (Gekko and Timasheff, 1981) is of direction
that should enhance the apparent viscosity dependence.
Another effect to consider is the effect of glycerol on the
activity coefficient of acrylamide. According to solubility
measurements, the appropriate activity coefficient
increases to ~1.3 in the presence of 50% glycerol (Rosen-
berg, unpublished data) which, again, cannot be responsi-
ble for the fourfold difference in the slopes of the expected
and measured cuves of Fig. 1. We should bear in mind that
the quenching data, as kinetics in general, does not prove
the existence of a definite alternate mechanism. The
conclusion is limited to the observation that the gating
models represented by Eqs. 1 and 2 are not sufficient.
More detailed data are undoubtedly needed to validate
alternate, more complex formulations for the quenching
mechanism.

In the specific cases of quenching where the gating
model appears to be applicable, relaxations appearing in
the intermediate time range offer the most possibilities for
study by additional experimental variables. The reported
lifetimes for structural rearrangements related to thermal
fluctuations are in the microsecond and millisecond range
(Tsong, 1982). The quenching parameters in this case
would definitely fall into the static gating range. Small
amplitude thermal motions such as those visualized by
molecular dynamics calculations presents lifetimes in the
nano- and picosecond range falling thus most probably into
the intermediate gating range. For study of the dynamic
range, phosphorescence quenching with its long lifetimes
provides a favorable experimental alternative.

For the residues where gating, rapid one step opening
and closing of structural segments, results in accessible
states, the quenching can be described by the equations we
present. This allows explicit expression of the relationship
between structural motion and quenching over the whole
range of ratios for the structural and excited state life-
times.
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