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Abstract

A combined fluorescence–photochrome approach was used for investigation of the molecular dynamics antiDNP
antibody binding site and its cavity. A 4-(N-2,4-dinitrophenylamino)-49-(N,N9-dimethylamino)stilbene (StDNP)
fluorescence DNP analog was incorporated into the antibody binding site. This was followed by measurements of
fluorescence and photochrome parameters such as the StDNP excitation and emission spectra, fluorescence lifetime,
steady-state and time-resolved fluorescence polarization, kinetics oftrans–cis and cis–trans photoisomerization, and
fluorescence quenching by nitroxide radicals freely diffused in solution. In parallel, computational modeling studies
on the location and dynamics of DNPyTEMPO spin-label(NslDNP) and StDNP guests within a model of the binding
site were performed. When all the experimental evidence is considered(including data from the antibody X-ray
study), one can conclude that wobbling of the Trp 91 LyTrp 96 H binding-siteØbound-hapten moiety(StDNP), can
be responsible for the label’s nanosecond dynamics monitored by fluorescence polarization techniques. A similar
conclusion may be reached as a result of data analysis on NslDNP mobility within the antibody binding site. The
mobility of Trp 91 L and Trp 96 H moieties provides the induced fit needed for effective stacking and release of the
DNP epitope. Analysis of the above-mentioned data allows one to explore the mechanism of the probe’s movement
within the binding site and enables one to discuss the local dynamics of the binding site region. The combined
fluorescence–photochrome approach can be used for investigation of local medium molecular dynamics in the
immediate vicinity of specific sites of proteins and nucleic acids, as well as for other biologically important structures
and synthetic analogues.
� 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The basis of much of our present conception of
intermolecular protein dynamics is based on
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hypotheses put forward in the 1950s and 1960s
w1–3x. Later in the 1960s and 1970s, considerable
indirect evidence was obtained in favor of mobility
of proteins. Subsequently, more direct approaches
were intensively developed for the investigation of
protein dynamics. Their distinctive features were
the application of physical methods(such as NMR,
fluorescence, differential scanning calorimetry, X-
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ray and neutron scattering) towards the study of
this important phenomenon. The most significant
progress in this area was achieved by the use of
spin, fluorescence and Mossbauer labeling meth-¨
ods w4–9x.
Considerable evidence indicates that ‘hinge-

bending’(of blocks, domains) in protein dynamics
plays a key role in protein function; in catalysis
by enzymes; and in particular, for electron transfer
(w6–15x; and references therein). It was suggested
that the processes of complex formation between
antigens and antibodies, allosteric regulation,
mechanical transformation, and conformational
transition in the course of enzyme catalysis only
proceed due to the ability of protein globules to
undergo rapid and reversible changes of
conformation.
It has been repeatedly stressed that intramolec-

ular protein mobility is significantly dependent on
the molecular dynamics of the surrounding medi-
um. These surroundings provide the free volume
necessary for movement of protein domains and
individual functional groupsw6–10,12,14x. The
environmental dependence of protein behavior is
central to the biological function of macromolec-
ular systems(proteins, in particular). Starting from
the early 1960s, increasing evidence has been
found linking protein functional activity and sta-
bility together with a decisive role for the dynamics
of water (and other molecules) surrounding the
globular entities.
The various types of immunoglobular internal

motion were investigated by almost the complete
arsenal of physicochemical methods(w16,17x; and
references therein). It was shown that dynamic

properties of protein subfragments bearing binding
sites provide the ability to form specific stable
complexes with a vast array of antigen molecules
via the ‘induced fit mechanism’. Nevertheless, the
dynamic status of binding sites and the medium in
the immediate vicinity of immunoglobulin binding
sites was not sufficiently investigated.
One of the promising approaches for the molec-

ular dynamics investigation of biologically impor-
tant or synthesized molecules involves the use
stilbene derivatives as probes. The fluorescence
and photoisomerization of stilbenes have been
extensively investigated for decades, and this topic
has been reviewedw18–21x. Stilbene derivatives
are relatively easily synthesized, are usually ther-
mally and chemically stable, and possess absorp-
tion and fluorescence properties that are convenient
for monitoring by relevant optical techniques. It
has been shown that stilbenes exhibit fluorescence
characteristics that are similar to those of typical
membrane and protein fluorescence probes. In
addition, the quantitative study of direct and sen-
sitized stilbene photoisomerization opens up new
possibilities for measurement of probe rotational
and translational diffusionw21–29x.
Since thecis-stilbene diastereomeric form is not

fluorescent at steady-state conditions, rate meas-
urements of decreased emitted fluorescence from
the trans-form can monitor thetrans–cis photoiso-
merization process. The fluorescence–photochro-
me properties of the probe reflect, in turn, the
polarity and molecular dynamics(‘microviscosi-
ty’) of the medium in the probe’s vicinity.
The photochrome–fluorescence method is based

on monitoring fluorescence parameters and kinet-
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ics of trans–cis and cis–trans photoisomerization
of para-substituted stilbenes. It was proposed and
developed for investigating the molecular dynam-
ics, microviscosity and phase transition in proteins
and biomembranesw21–26x. It has been shown
that the apparent rate constant of the photoisomer-
ization in viscous media is controlled, in certain
cases, by the relaxation rate of the medium
w18,19,23,24,28x. Thus, after appropriate calibra-
tion, it is possible to estimate the frequency for
1808 twists about the stilbene fragment’s exited
singlet-state single-bond. In addition, stilbene
probe mobility can be monitored by the conven-
tional fluorescence polarization technique. Data on
photochrome and fluorescence properties of
probes, when taken together, make it possible to
establish the detailed mechanism of the probe’s
motion and afford an estimation of the motional
parameters.

An X-ray crystallographically determined struc-
ture of an monoclonal AN02 Fab fragment anti-
DNP antibodyyspin-label hapten derivative
complex(2, Brookhaven PDB ID 1BAF) has been
reportedw30x. The structure consisted of a 4-w5-
(2-amino-ethylamino)-2,4-dinitrophenylaminox-
2,2,6,6-tetramethyl-1-piperidinoxyl radical(3,
NslDNP) nitroxide spin-labeled hapten bound
within the antibody binding site. The bound TEM-
PO-type nitroxide spin-label had been used to
study nearby residues in the antibody binding site
via paramagnetic line broadening in the NMR

spectrumw31x. Since the structure of this AN02
Fab fragment antibodyyspin-label hapten complex
was known, it provided an opportunity for using
it as a putative relatively close structural model
for the antiDNP antibody in molecular graphics
studies to complement the other experimental
investigations to be reported in this work.
The basic concept underlying our approach was

to first bind a fluorescent–photochrome stilbene
label hapten-conjugate(1) to the antiDNP anti-
body binding site. This was followed by monitor-
ing the kinetics of fluorescence, quenching of
fluorescence, fluorescence polarization, andtrans–
cis photoisomerization of the label in the binding
site compared to the kinetics of these processes
for the free state. StDNP photoisomerization can
occur via the excited singlet-state(oryand the
triplet state which may be created as a result of
enhanced intersystem crossing). In any event, the
photoisomerization mechanism of the probe’s stil-
bene fragment is not essential for the interpretation
of experimental results. To produce thecis-form,
the stilbenetrans double-bond must undergo twist-
ing via any of the possible states(excited singlet
or triplet). The important point to remember is
that the photoisomerization rate is dependent, to a
certain extent, on the microviscosity and steric
hindrance in the vicinity of the double-bond(Sun
and Saltielw18,19,21,24x; and references therein).
According to our estimation(Section 3.1), the
StDNP can be considered to be a rigid structure
molecule on a nanosecond time-scale. This mole-
cule can be appropriately used as a probe of
microenvironment nanosecond dynamics in the
antiDNP antibody, since our approach is based on
a comparison of the probe’s molecular dynamics
in solution, and within the antibody binding site,
together with direct experimental measurement of
above mentioned parameters.
In the present work, we investigated the molec-

ular photoisomerization and dynamics of the
stilbene probe 4-(N-2,4-dinitrophenylamino)-
49-(N,N9-dimethylamino)stilbene (StDNP), 1, in
the antiDNP antibody binding site. In parallel,
computer assisted molecular graphics modeling of
the position of the StDNP hapten(or NslDNP
spin-probe) in the AN02 Fab fragment model for
antiDNP was performed. Barriers for bond-rota-
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tion, estimated from computer calculated torsion
angle driving studies of bonds in the StDNP hapten
(or NslDNP spin-probe), were made to facilitate
interpretation of the antibody-bound probe’s exper-
imentally determined mobility parameters. Analy-
sis of the above-mentioned data allows one to
explore the mechanism of the probe’s movement
within the binding site. These studies probe the
‘microviscosity’ of the medium in the immediate
vicinity of the binding site, and enables one to
discuss the local dynamics of the binding site
region.

2. Methods

2.1. Preparation of reagents

4-(N-2,4-Dinitrophenylamino)-49-(N,N9-dime-
thylamino)stilbene label(StDNP), 1, was prepared
from a saturated abs. ethanolic solution oftrans-
4-dimethylamino-49-aminostilbene w25,26x added
to an equimolar saturated abs. ethanolic solution
of 2,4-dinitrochloro-benzene(Aldrich) under mag-
netic stirring to yield an initially clear reaction
mixture which was left overnight. The resulting
precipitated brown crystalline solid was collected
by vacuum filtration, and washed with water and
petroleum ether(60–80 8C). The crude product
was recrystallized from chlorobenzene, and then
dried in a vacuum oven. Elemental and H NMR1

(200 MHz, CDCl) analyses of StDNP(1) were3

in complete accord with its proposed structure.

2.2. Fluorescence–photochrome technique

An Aminco-Bowman SLM 4800 GREG-MM
multi-frequency phase-modulation spectrofluori-
meter upgraded by ISS was used for fluorescence
intensity, kinetics of reversibletrans–cis photoiso-
merization, and fluorescence polarization measure-
ments of the free StDNP label(and also of the
antiDNP–StDNP complex). The absorption spec-
trum of the samples was measured on a Packard
HP 89532A UV–visible spectrophotometer. Anal-
ysis of the experimental data was performed using
the KALEIDAGRAPH 3.0.5 (Abelbeck Software)
program.

Fluorescence measurements of the free StDNP
label were performed in a solvent mixture com-
posed of glycerol(50%), buffer phosphate saline
(40%), which contained NaCl (137 mM),
Na HPO (4.3 mM), KCl (2.7 mM), KH PO (1.22 4 2 4

mM), and DMSO(10%). This solvent composi-
tion (designated assolvent mixture-A) was found
to afford the conditions for optimum solubility of
the components on one hand, and for optimum
intensities of fluorescence, on the other. The aver-
age fluorescence polarization parameters and
trans–cis isomerization rate constant of StDNP
were measured at a constant 2mM label concen-
tration, each polarization value is an average of at
least 10 measurements(of the same sample).
Fluorescence emission of StDNP was recorded

at l s438 nm after excitation near its absorptionem

maximum atl s350 nm(a 16-nm slit-width forex

excitation and emission was typically used).
The reversibletrans–cis reaction kinetics of the

free StDNP label was measured by continuously
irradiating the sample atl s350 nm for a periodex

of 500 s, followed by an emission measurement at
l s438 nm. For measurement ofcis–trans pho-em

toisomerization, the sample was then irradiated at
a shorter wavelength(l s300 nm, where mainlyex

thecis-diastereomer absorbs) for an additional 500
s, again followed by an emission measurement at
l s438 nm.em

The rate constant value of change in StDNP
fluorescence emission intensity(I) as a function
of time (t) was calculated according to Eq.(1):

ln 1yDI yDI syk t (1)Ž .t ` iso

where t is the time, k is the first order rateiso

constant;DI sI yI ; DI sI yI ; I is the flu-t 0 t ` 0 t 0max

orescence intensity at timets0; I is the fluores-t

cence intensity at timet; and I is thetmax

fluorescence intensity attst . Since differentmax

concentrations of antibody afford different optical
densities for each sample, a correction was made
according to Eq.(2):

Dk s10 k (2)iso corrected iso measured( ) ( )

where DsXwADxywAXx, while D and X are the
optical densities for the samples of the antibody at
concentrationswADx and wAXx, respectively.
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2.3. Fluorescent lifetime (t ), and average rota-f

tional correlation time (t ) measurementc

Variable–frequency phase and modulation data
were measured with an ISS K2 Multifrequency
Cross-correlation Phase and Modulation Fluori-
meter, using a dry milk scattering solution. Exci-
tation was performed using a 300 W arc xenon
lamp with the excitation monochromator set for a
16-nm bandwidth. Emission bands were selected
using cutoff filters(l )430 nm). The modula-em

tion frequency was continuously varied from 10–
20 to 200–250 MHz. The number of modulation
frequencies used was generally 25. Decay data
were fitted using software provided by ISS Inc.
The data fit was based upon the sum of exponential
components, characterized by the lifetimet and
the fractional intensity,f. Frequency-independent
standard errors for phase and modulation were
assumed to be 0.58 and 0.01, respectively. Spectral
data were obtained at a temperature of 25"0.58
using a circulating water bath. Samples were excit-
ed at 350 nm. Values are the average of two or
three measurements. An ISS-GREG-90 phase-
modulation fluorimeter with modulation frequen-
cies between 20 and 190 MHz was employed for
the lifetime measurements in some of the
experiments.
Polyclonal antiDNP antibodies(Sigma) devel-

oped in rabbit were used for measuring fluores-
cence lifetime, rotational correlation time,
polarization and isomerization rate constant of the
antiDNP–StDNP complex. A monoclonal antiDNP
antibody(Biomeda, USA) developed in goat were
used for measuring the fluorescence emission and
excitation spectra, and fluorescence lifetime of the
antiDNP–StDNP complex in the presence of an
increasing concentration of 4-hydroxy-TEMPO
(Sigma).

2.4. Computation

Computer simulation was performed using the
following software: MACSPARTAN PLUS 1.2.1
(Wavefunction, Irvine, CA), PCMODEL 5.03 Mac-
intosh version (Serena Software, Bloomington,
IN), BALL -AND-STICK 3.7 (N. Mueller, Johannes
Kepler Universitat, Linz), andMACMIMIC 3.0 (In-¨

Star Software, Lund, Sweden). The X-ray crystal-
lographically determined structure of the
monoclonal AN02 Fab fragment antiDNP anti-
body-bound nitroxide spin-labeled DNP-hapten
complex (2), { antiDNPy4-w5-(2-amino-ethylami-
no)-2,4-dinitrophenylaminox-2,2,6,6-tetramethyl-
1-piperidinoxyl radical (3, NslDNP) w30x} was
retrieved from the Brookhaven Protein Data Bank
(Brookhaven PDB ID 1BAF).

3. Results and discussion

3.1. Computer assisted molecular modeling

A molecular mechanics stochastic search of
energetically accessibletrans-StDNP conforma-
tions was undertaken using theGMMX subprogram
of PCModel. These conformations were then used
as input structures for ab initio geometry optimi-
zation calculations(RHFy3-21G* basis set). The
StDNP ab initio global minimum molecular model
used in this study has a non-planar conformation.
The two aromatic rings of thetrans-stilbene moiety
are bent into a propeller-like chiral conformation,
each stilbene ring is twisted 23"48 with the same
helicity to afford a pseudo-C axis through the2

olefinic hub. The dinitrophenylanaline trigonal
nitrogen is coplanar with the dinitrophenyl ring,
and the adjacent stilbenyl aromatic ring is orthog-
onal to the dinitrophenylanaline plane. The struc-
ture depicted for 1 is aCHEM3D PRO 5.0
(CambridgeSoft, Cambridge, MA) generated icon-
ic 2D projection of the StDNP-label computer
calculated 3D molecular model.
The X-ray crystallographically determined struc-

ture of 4-w5-(2-amino-ethylamino)-2,4-dinitro-
phenylaminox-2,2,6,6-tetramethyl-1-piperidinoxyl
radical(3, NslDNP) hapten derivative bound with-
in the AN02 Fab fragment model for the antiDNP
antibody was used as a starting point for molecular
graphics modeling studiesw30,31x. The NslDNP
nitroxide spin-labeled hapten is held between the
pyrrole moieties of two parallel tryptophanyl
planes separated by 7.3 A in the X-ray structure.˚
The two-tryptophanyl moieties are located in dif-
ferent chains of the antibody(the V and VH L

variable domains form the antigen binding site).
The normal from the DNP ring to the plane of
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one of the tryptophanyl rings is 3.5 A, while that˚
to the other tryptophanyl ring-plane is 3.8 A. The˚
tryptophanyl pyrrole nitrogen atoms point in the
same directionw5.18 N–H N9–H9 torsion anglex,∆

but different tryptophanyl ring faces point toward
the DNP-ring. The binding site is located in a cleft
between theV andV domains whose narrowestH L

region has a 988 angle between two lines originat-
ing at the center of the DNP ring and extending
outwards into space. The DNP ring of StDNP-
label (1) was superimposed on upon the DNP ring
of NslDNP (3), and then the derivatized hapten
NslDNP was removed. Since the 2,4-nitro disub-
stitution pattern in1 is unsymmetrical, there are
two potential docking modes. Fig. 1 shows 2D-
iconic projections of the 3D model in which the
2- and 4-nitro groups occupy sites ‘A’(pointing
inwards in the drawing) and ‘B’ (pointing out-
wards in the drawing), respectively, while Fig. 2
shows these same groups now residing in the
opposing sites. The steric barrier of neighboring
residues surrounding the binding site has been
depicted as a folded sheet in both figures. The
iconically drawn steric barrier was constructed by
drawing 10 A lines originating from the 2,4-˚
dinitrophenyl ring center outward through nearest
atoms in surrounding residues within the binding-
site. For ease of viewing, the lines were then
terminated 4.75 A from their outermost terminus˚
rather than approach the ring center.
Inspection of these illustrations shows that in

the AN02 Fab fragment model for antiDNP, there
is sufficient room fortrans–cis stilbene photoiso-
merization to occur in both binding modes. The
StDNP label did not penetrate the folded steric
barrier when rotation was performed about the
double-bond in both binding mode models. In
addition, StDNP single-bonds in both molecular
model binding modes were rotated to ascertain
potential interactions with the binding site steric
barriers. These studies clearly showed that the
binding site barriers were far enough away to
permit single-bond rotation about the DNP–N,
DNP N–C (stilbene) bond as well as foranilinyl ipso

the two single-bonds on either side of the stilbenyl
double-bond. Torsion angle driving studies were
undertaken to estimate rotational barriers about the
C –N and N–C bonds using(2,4-DNPipso STILBENYLipso

dinitro-phenyl)-phenyl-amine as a model com-
pound. Geometry optimization of the model
compound gives the same ground state conforma-
tion as found for StDNP 1wsynperiplanary
0.9(5)8 H–N–C(1) –C(2) meanDNPipso DNPortho

torsion angle(anglec), and orthogonal 90.2(5)8
H–N–C(19) –C(29) mean tor-PHENYLipso PHENYLortho

sion angle(anglef)x. In these driving studies of
bonds on either side of the N-atom, each torsion
angle was separately constrained after rotation
about the particular C–N bond by a 108 increment,
while the second C–N bond remained unfettered
(free). The resulting input then underwent ab initio
RHFy3-21G* geometry optimization. As the con-
strained C–N torsion angle value was ‘driven’ by
108 increments, the resulting set of computed
energies went through a maxima and then
decreased. This maxima provided an estimated
DH C–N bond rotation barrier for use in‡

ANILINYL

correlation time(t) calculations discussed below.
A 16.7 kcal mol barrier was observed for they1

N–C(1) bond wcsy1008 (constrained),DNPipso

fs7.58x. For the N–C(19) bond, a bar-PHENYLipso

rier of 5.7 kcal mol was found whencs19.68y1

andfs08 (constrained)x. In this energy maxima,
the nitrogen non-bonded electron pair is delocal-
ized into the phenyl ring. Some degree of electron
delocalization still occurs into the DNP ring when
cs19.68 (since delocalization is a cosine function
of anglec), and the 2-nitro oxygen still maintains
a hydrogen-bond to the N–H w6.88

¯N –H O –N x.∆ANILINYL N 2- nitro 2-nitro

Values of the estimated correlation timet for
intramolecular rotation about the C–NANILINYL
bonds in the stilbene and nitroxide probes can be
calculated using the Eyring equation:

‡ ‡ty1s kTyh exp DS yR expyDH yRTŽ . Ž . Ž .
‡st expyDH yRTŽ .0

whereDS andDH are the respective entropy and‡ ‡

calculated enthalpy of activation. According to
Benson w32x the entropy for the intramolecular
free rotation of bulky radicals,DS , is approxi-R

mately 8.5 cal mole K . Taking this value asy1 y1

the entropy activation for free ‘barrierless’ bond-
rotation andkTyhs6=10 s , one can estimate12 y1

the bond-rotation correlation timet9 to be
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Fig. 1. Iconic drawing of mode 1 binding of StDNP(1) in antiDNP antibody binding site viewed down the cleft canyon.

;1.5=10 exp(DH yRT) s (t9 is the time fory12 ‡

a rotation of one radian).
Using the calculated q5.7 kcal moly1

C –N bond rotation barrier(EsDH )‡STILBENYLipso

and a 1.5=10 s preexponential factor(t9 ), they12
0

N–C(19) bond rotational correlation timePHENYLipso

(t9 ) at 300 K (vacuum) may be estimated toC–N

be only 19 ns(wheret9 st9 e ). Using theEyRT
C–N 0

q16.7 kcal mol value for the barrier about they1

adjacent N–C(19) bond, at9 value of 1.5DNPipso C–N

s was now estimated.
In a similar manner,(2,4-dinitro-phenyl)-i-pro-

pyl-amine was utilized as a model compound for
NslDNP, the spin-label nitroxide radical3 (the
C –H H–C9 torsion angle was con-∆METHYL METHYL

strained to be 08 to approximate the C –METHYLENE

C – C9 – C9QUATERNARY QUATERNARY METHYLENE

arrangement within the piperidinyl ring of NslDNP.
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Fig. 2. Iconic drawing of mode 2 binding of StDNP(1) in antiDNP antibody binding site viewed down the cleft canyon.

Geometry optimization of the model compound
gives the same ground state conformation as found
for the NslDNP nitroxide spin-labelwsynperiplanar
0.6(1)8 H–N–C(1) –C(2) mean tor-DNPipso DNPortho

sion angle (angle c), and anticlinaly138(4)8
H–C –N–H mean torsion angle(anglef9)x.METHINE

In the driving study, a steric barrier of 9.6
kcal mol about the N–C bond wasy1

iPROPYLmethine

found whencs08 and f9s"608(constrained)x.

From this, the bond–rotational correlation time
was estimated to bet s15 ms.C–N

Trans–cis photoisomerization quenchers(e.g.
the 4-hydroxy-TEMPO nitroxide probe) are
expected to suffer reduced accessibility to the
stilbenyl double-bond when the label is held in the
antibody binding site vs. the free state. This should
lead to lower encounter probabilities between these
quenching molecules and the bound StDNP label.
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Fig. 3. Iconic drawing of inaccessible surface area on partial sphere drawn with a 1.0 A radius from double-bond center of mode˚
1 bound StDNP(1) in antiDNP antibody binding site.

A 5.0 A sphere was circumscribed around the˚
center of the stilbenyl double-bond in both the
mode 1 and 2 binding models. Lines were then
drawn from the sphere center to each of the outer
vertices of the iconic folded sheet binding site
barrier. The intersection of these lines with the
sphere surface formed an irregular region on the
spherical surface. Areas of 85 and 97 A for this2˚
region in the respective mode 1 and 2 binding

models were estimated by drawing a grid upon the
partial sphere’s curved surface(e.g. Fig. 3). The
fraction consisting of non-accessible surface areay
total surface area of sphere can be considered to
be ageometric steric factor (g ) effecting quench-X

er encounters with the antibody bound StDNP(1)
molecule.
Parameterg is the ratio of the reaction locusX

area in particle X relative to the particle’s total
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Fig. 4. Trans–cis andcis–trans photoisomerization of the StDNP label(2 mM) in solution of glycerol(50%), PBS buffer(40%),
DMSO (10%). Experimental conditions: excitation 350 nm, emission 438 nm(trans–cis), and excitation 300 nm emission 438 nm
(cis–trans) 25 8C.

area. As shown in Ref.w33x, it is necessary to take
a ‘cage effect’ into consideration when under
diffusion controlled conditions. This ‘cage effect’
relates to the possibility of the secondary encoun-
ters of particles within the liquid cage. According
to the theory, parameter, theapparent geometric
factor (g ) for encounters between two particlesapp

A and B equals(g g ) . If one of the particles1y2
A B

B is a small molecule while the second one, B, is
a protein, theng s1 andg sg .1y2

B app A

Parameterg was estimated to be 0.27wg s85X X

A y314 A , for mode 1x, and 0.31wg s97 A y2 2 2
X

˚ ˚ ˚
314 A , for mode 2x. Using a 0.29g value,2

Xmean
˚

and taking into consideration the solvent ‘cage
effect’ for encounters at the diffusion limit, we
estimated meanapparent steric factor g s0.54app

(where g sg ) for mode 1 and 2 binding1y2
app X

models. Based on this, the proximate ‘degree of
quenching’ (1yg ) for bound StDNP (1) isapp

expected to be approximately 1.9 times less com-
pared to that experienced by the free(unbound)
molecule in solution.

3.2. Unbound StDNP (1) in solvent mixture-A

The excitation and emission spectra, and kinetics
of reversibletrans–cis andcis–trans photoisomer-
ization of the StDNP probe in solvent mixture-A
solution was studied by fluorescence techniques.
The kinetics oftrans–cis and cis–trans photoiso-

merization of the StDNP probe in solution-A are
shown in Fig. 4. Apparent rate constant values for
trans–cis and cis–trans photoisomerization were
found to bek(t™c)s(9.2"0.1)=10 s andy3 y1

k(c™t)s(5.1"0.1)=10 s , respectively.y3 y1

Experimental data for fluorescence anisotropy(r),
fluorescence lifetime(t ) and rotational correlationf

time (t ) for label 1 are presented in Table 1.c

Two rotational models were considered to ana-
lyze possible StDNP label mobility in a given
solution of 6 cP viscosity using the above-men-
tioned experimental data:(1) isotropic rotation
and (2) anisotropic ellipsoidal rotation. An esti-
mation of rotational correlation time(t ) wasc

calculated using the Perin equationwEq. (3)x for
the case of isotropic rotation:

rsr y 1q t yt where t shVyRT (3)Ž .0 f c cŽ .
where r and r , are the anisotropy in the mobile0

and immobilized states, respectively;t , t , h, V,f c

R, T are the fluorescence lifetime, rotational cor-
relation time, bulk viscosity, rotation volume swept
out by molecule, gas constant, and absolute tem-
perature, respectively. Based on Eq.(3), and an
StDNP total rotation volume ofVs3883 A , (rs3˚
9.7 A, half of the molecule length) gives t sc-iso

˚
5.7 ns(Ts293 K).
Correlation timet s0.9–1.5 ns value was esti-c

mated by utilization of theoretical curves for pro-
late ellipsoids of revolution with an experimental
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Table 1
Experimental data on fluorescence anisotropy, fluorescence lifetime, and rotational correlation time for free StDNP label 1 and the
antiDNP-bound StDNP label in solution(glycerol 50%, buffer 40%, DMSO 10%, viscosity 6 cp)

Free StDNP AntiDNP–StDNP
label complex

Immobilized-state fluorescence anisotropya 0.37"0.01 –
Mobile-state fluorescence anisotropy(r) 0.19"0.01 0.26"0.01
Fluorescence lifetime(t ), nsf 0.92"0.10 1.45"0.15
Rotational correlation time(t ), nsc 1.10"0.10 4.11"0.41

Likhtenshtein et al.w24x.a

Fig. 5. Fluorescence polarization(circles; left axis) and rate constant oftrans–cis photoisomerization(triangles; right axis) of
StDNP label(2 mM) versuswPolyclonal antiDNP binding sitesxywStDNPx molar ratio. Solution: glycerol(50%), PBS buffer(40%),
DMSO (10%), experimental conditions: excitation 350 nm, emission 438 nm, 258C.

anisotropyrs0.19 w34x and an StDNP elongation
parameter(ratio of long axisyshort axis) equal to
4.5. The 4.5 value is in the range of the Weber-
type model that was calculated for elongation
values 3 and 6. The experimental rotational cor-
relation time for free StDNPwt x wasc-exptl unbound( )

1.1"0.1 ns(Table 1), which is very close tot ,cH

and is approximately 6–4 times less thant .c-iso

Taking in account that the calculated correla-
tion times for rotation about the
N –C bond and N–C(19)DNPamino STILBENYLipso DNPipso

bond in vacuum are equal 19 ns and 1.5 s corre-
spondently, (Section 3.1), we assume that the
measured anisotropy, as well the average rotational
correlation time of the unbound probe(t s1.1c

ns), mainly refers to anisotropic rotational motion
of the probe as a whole.

3.3. StDNP–antiDNP complex in solvent mixture-
A

3.3.1. Experimental results and their comparison
with the computational model
Addition of antiDNP to the StDNP solvent

mixture-A solution led to a gradual increase in the
fluorescence polarization. Plots of the polarization
value and the probetrans–cis photoisomerization
rate constant vs. the StDNPyantiDNP ratio are
presented in Fig. 5. Enhancement of the polariza-
tion value with concomitant increase in the St-
DNPyantiDNP concentration ratio demonstrates
formation of an StDNP–antiDNP complex. The
apparent binding constant to our polyclonal
antiDNP antibody,K , was roughly estimated fromd

experimental dependencies of polarization on ratio
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wbinding sites of antiDNP antibodyxywStDNPx
using concentration of the binding sites at which
the polarization change at addition of the antiDNP
antibody is equal to one-half of the maximum
change. TheK value was found to be 1.2"0.2d

mM (in a solvent mixture-A solution). This can
be compared withK values of 0.15 and 0.5mMd

previously measured for the binding of NslDNP
and DNPGly to the monoclonal AN02 Fab frag-
ment antiDNP antibody in buffer solution, respec-
tively w31x. The differences in theK values mayd

be caused by the differences in the hapten probes
structure and solvents property.
Our experiments do not show a marked effect

on the photoisomerization rate of the antibody
bound StDNP label(Fig. 5). This result is consis-
tent with the molecular model, which indicates
free space fortrans–cis and cis–trans photoiso-
merization of the StDNP stilbene fragment in the
StDNP–antiDNP complex(Figs. 1 and 2). Emis-
sion and excitation spectra of free and bound
StDNP exhibit the same shape. Incorporation of
the StDNP label into the DNP antibody binding
site was accompanied by a change in the experi-
mental data for fluorescence anisotropy(r), fluo-
rescence lifetime(t ) and rotational correlationf

time (t ) (Table 1). For a bound StDNP thec

anisotropyrs0.26 andt s1.45 which is markedlyf

higher than that for free label. The experimental
value of rotational correlation timet sc-exptl bound( )

4.1 ns was found to be significantly less than the
rotational correlation time for the antibody itself
w35,36x. Using the fluorescence polarization tech-
nique have found that the decay of fluorescence
anisotropy in water solution can be described by
two rotational correlation timest ;20 andt sc1 c2

110–140 ns. Thet value was ascribed to ac1

twisting of the antibody Fab’s fragment along its
long axis, andt to the global tumbling of thec2

macromolecule. Similar results were obtained by
the spin-labeling method(w16,17x; and references
within). The above-mentioned correlation times
should by multiplied by factor 6, since the solvent
viscosity was 6 cP under the conditions of our
experiment. Therefore, the long axis of the bound
probe appears to undergo relatively fast motion
within what is an essentially slow rotating macro-
molecule. According to computational molecular

graphics modeling of the StDNP docked in an
AN02 Fab fragment model for our antiDNP com-
plex (Figs. 1 and 2), the DNP moiety is fixed in
the binding site by two tryptophanyl groups, and
rotations about single-bonds are prevented by
relatively high energetic barriers (Section
3.2). Although computational modeling allows
anisotropic rotation about the StDNP
N –C bond in the binding siteDNPamino STILBENYLipso

cavity, a suggestion that the polarization correlation
time values are related to this motion has to be
ruled out. The reason for this is that the experi-
mental t s4 ns was found to be markedly lessc

than thet s19 ns value theoretically estimatedc

for vacuum (Section 3.2). In other words, the
StDNP label in the antiDNP binding site behaves
as a rigid probe.
Taking in consideration all the above-mentioned

experimental and computational data, we can con-
clude that the stilbene probe anisotropic rotation
in the nanosecond temporal region reflects the
local intramolecular dynamics of the antiDNP
antibody binding site. This conclusion was inde-
pendently confirmed by a reanalysis of the ESR
spectrum of the nitroxide spin label DNP deriva-
tive (NslDNP) incorporated in the AN02 Fab
fragment antiDNP antibody in buffer solution
(using data from Ref.w31x). The spectrum was
used as a basis for the estimation of the rotational
correlation timet for the probe’s nitroxide moiety.c

Eq. (4) was used for thet estimation:c

b
t sa 1yA yA (4)Ž .c ZZ ZZ0

with values ofas5.4=10 s andbsy1.36 fory10

isotropic Brownian diffusion; andas2.6=10y10

s andbsy1.38 for anisotropic Brownian diffusion
w8,9,37,38x, and theA s58 G experimental valueZZ

of hyperfine splitting taken from the ESR spectrum
of the NslDNP–antiDNP complex in Ref.w31x.
The hyperfine splitting values for completely
immobilized spin labels attached to proteins in
aqueous solution were found to beA s73"1 GZZ0

over a wide range of temperatures(140–250 K),
based on high resolution 2 mm ESR spectroscopy
(Krinichnyi, w39–41x). Using such a set of para-
meters, Eq.(4) affords estimated values fort sc
4.4 and 2.1 ns for the isotropic and anisotropic
rotations, respectively.
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Both values of the label mobility correlation
time are markedly less than the rotational correla-
tion times for rotation of the antibody molecular
rotation and the Fabs fragment wobbling but are
significantly higher than that for NslDNP in aque-
ous solution (0.1 ns) w8,9x. According to our
computational modeling the intramolecular isom-
erization about N–C bond is stericallyiPROPYLmethine

hindered(t s15 ms) and the probe DNP moietyc

is tightly squeezed by two tryptophan groups. This
suggests that the nanosecond temporal regime
observed for nitroxide anisotropic rotation within
the antibody active site is most probably related
to local intramolecular dynamics of the antibody
in the vicinity of the binding site.
The nitroxide moiety can be involved in two

independent dynamic processes: a tumbling of the
macromolecule as a whole(or its large fragments)
having a correlation timet , or a rapid wobblingCab

(with a particular angular displacement) of the
nitroxide moiety having a correlation timet -v

10 s. The applicability of each model vis-a-visy10

Anglister et al.w31x to the NslDNP antibody spin-
label experimental data was then considered using
a theory developed by Dudich et al.w42x. Taking
into consideration the NslDNP–antiDNP antibody
ESR spectrum superfine splitting(58 Gs) and the
Fab fragment’st9 s20 ns experimentally report-Cab

ed w31x values, we can calculate a fast wobbling
with a approximately 508 angular displacement.
However, it must be recalled that our direct 4 ns
measurement of the stilbene probe’s correlation
time unequivocally indicates that the stilbene frag-
ment(whose size is similar to that of the nitroxide)
is involved in high amplitude motion in the nan-
osecond temporal range. This finding is strong
evidence that the tandem Trp 91 L, Trp 96 H,
DNP and nitroxide moieties undergo restricted
anisotropic twisting with an approximately 2–4 ns
correlation time.
Insight into the viscosity in the area the stilbenyl

double-bond(located approximately 5 A away˚
from the DNP fragment squeezed within the con-
fines of the antiDNP binding site) was obtained
from the StDNP isomerization data. It has been
shown before that the apparent rate constant of
photoisomerization in viscous media is controlled,
in certain cases, by the particular relaxation rate

of the mediumw18,19,21,23,24,28x. Specifically,
the temperature dependence of the apparent rate
constants oftrans–cis isomerization(k ) for 4-iso

dimethylamino-49-aminostilbene in glycerol indi-
cates the existence of two temperature regimes.
The apparent rate constantk is temperatureiso

dependent in the lower temperature regime(11–
42 8C), and therefore, it is also viscosity(which
constrains the isomerization process) dependent.
However, the isomerization rate is temperature
independent within the higher temperature regime
w24x. The volumes of the stilbene fragments rotated
in the excited state and those of nitroxide radicals
(e.g. TEMPO) are similar to each other. Thus, the
temperature dependentk values(and the nitrox-iso

ide rotational correlation time in the same medium)
can be used to estimate the correlation time of the
stilbene fragment twisting(rotating) about the
single bond in the excited state.
The experimental rate constants of fortrans–

cis photoisomerization(k ) were found to beiso

similar for the free and antiDNP-bound StDNP
label (Fig. 5). According to the above-mentioned
experimental data on the temperature dependence
of k , and therefore, on the ‘microviscosity’iso

(nitroxide rotational correlation timet ) of thec

model system, the medium’s viscosity does not
affect k if t s1 ns w24x. Consequently, theiso c

rotational correlation time for the StDNP diami-
nostilbene fragment is 1 ns. This value is close to
the t s1.1 ns determination based upon the fluo-c

rescence polarization for anisotropic rotation of
StDNP in the solvent mixture-A solution. Thus,
the photoisomerization data show that the microv-
iscosity within the antiDNP binding site cavity(at
a distance of approximately 5 A away from the˚
tryptophanyl binding rings) is close to the viscosity
of the bulk medium.
It is necessary to stress, that the above mention

experimental data on the stilbene probe fluores-
cence polarization and photoisomerization were
obtained with the use of polyclonal rabbit antiDNP
antibodies, and fluorescence quenching by the use
of monoclonal goat antiDNP antibodies. The com-
puter assisted molecular modeling utilized the
structural model of a mouse monoclonal antibod-
ies, even so, data on the antiDNP antibodies
binding sites obtained by physical methods evi-



152 O. Chen et al. / Biophysical Chemistry 103 (2003) 139–156

Fig. 6. Stern–Volmer plot for fluorescence quenching of St-
DNP label by nitroxide radical.(a) Free label;(b) StDNP–
antiDNP (monoclonal) complex. Solution: glycerol(50%),
PBS buffer (40%), DMSO (10%), experimental conditions:
excitation 350 nm, emission 438 nm, 258C.

dence in favor of structural resemblance in the
mono- and polyclonal proteins.
Independent information about steric hindrance

and microviscosity in the antiDNP antibody bind-
ing site cleft was obtained by investigation of
StDNP dynamic quenching in free and bound
states. Collisional dynamic quenching is described
by the Stern–Volmer equationw43x:

w x w xt yt s1qK Q s1qk t Q (5)f0 f q q f0

where wQx is the quencher molecule’s concentra-
tion, t and t are the respective fluorescencef0 f

lifetimes in the absence and presence of a quench-
er, k is the bimolecular quenching rate constant,q

and K is the Stern–Volmer quenching constant,q

which is found by plottingt yt vs. wQx.fo f

The Stern–Volmer plot for fluorescence quench-
ing by nitroxide radicals is found to be linear up
to a concentrationwR xs0.15 M with Stern–Vol-•

mer quenching constantsK s4.6 M andK sy1
q qab

3.9 M for free and antiDNP bounded StDNPy1

probe respectively(Fig. 6). Taking in account the
fluorescence lifetime values for free(0.92 ns) and
bound label(1.45 ns) Eq. (5) gives the fluores-
cence quenching rate constantsk s5.75=109q

M s and k s3=10 M s for free andy1 y1 9 y1 y1
qab

bounded StDNP probe accordingly. Thus, from
experiment(with the ratiok yk s0.52) and fromqab q

molecular graphics(j s0.54), antibody-boundapp

StDNP appears to exhibit approximately 1.9 times
less quenching than when it is free in solution
(Section 3.1) and ‘microviscosity’ of the binding
site cleft in the area of the fluorescence probe
stilbene fragment is close to that of the medium’s
bulk viscosity.
Computer assisted molecular graphics modeling

utilized the monoclonal antibody as a structural
model for the polyclonal rabbit antiDNP antibodies
used to obtain the above-mentioned experimental
data on stilbene probe fluorescence polarization,
photisomerization and fluorescence. This is reason-
able since data on the antiDNP antibody’s binding
site obtained by physical methods are in favor of
a structural resemblance between mono- and poly-
clonal proteins. For example, 2,4-dintrophenyl-
hapten undergoes similar characteristic spectral
shifts in the absorption and circular dichroism
spectra when bound specifically to mono-and poly-

clonal antiDNP antibodiesw30,44,45x. Analyses of
the NMR spectra of monoclonal murine AN01-12
Fab fragment antibodies bound to the spin-labeled
dinitrophenyl-hapten(3) show tryptophanyl resi-
dues in the vicinity of the haptenw31,45–48x.
These findings were confirmed by the X-ray struc-
ture of the AN02 Fab fragmentyspin-labeled hap-
ten 3 complex which placed the hapten’s DNP
moiety in a pocket formed by the hypervariable
loops so that the DNP ring was sandwiched
between the Trp 91 L and Trp 96 H indole rings.
The similarity of double difference NMR spectral
findings for the complexes between 12 spin-
labeled DNP monoclonal AN01-12 Fab fragment
antibodies with3 indicates a structural similarity
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in the amino acid sequence of the variable regions
of the different antibodies in this setw47x.

3.3.2. Antigen binding site protein dynamics based
upon the dynamics of the bound StDNP and
NslDNP probes
One can discuss a correlationship between the

motion of the bound StDNP label and the inter-
molecular mobility of the Fab fragment based upon
analyses of data originating from various sources.
These include the fluorescence–photochrome and
nitroxide spin-label motional data noted above
together with data on ligand binding thermody-
namics. In addition, NMR data for aromatic groups
in the binding site’s vicinity, plus X-ray crystallo-
graphically determined thermal parameters for
atoms, coupled with molecular dynamics studies
of the protein, and the ligand doping computer
molecular graphics simulations reported in our
work were also used.
Nanosecond dynamics of the stilbene and nitrox-

ide probes in the antibody binding sites cannot be
explained by a fast exchange between bound and
free probes. The experimental rate constant for
NsyDNPyantiDNP complex dissociation was
found to bek s500 s w48x, which is essentiallyy1

d

less than the probe’s correlation frequency. It has
previously been shownw31,45x that in the presence
of Fab, three DNP proton signals in the DNPGly
hapten are of the order of 50 times broader
compared to those from the same nuclei when the
molecule is free in solution. The authors explained
this broadening in terms of chemical exchange
between free and bound label. The exchange obvi-
ously occurs in the millisecond temporal range of
the NMR time-scale.
Of the heavy(H) and light (L) chains making

up the four Fab domainswconstant(C) domains
C and C at the C-terminal ends, and variableH L

(V) domains V and V x, the latter two areH L

important structural units since they form the
antigen binding site. The angle between the pseu-
dodyad axis within the twoV parts and the axis
between the twoC parts has been described as an
‘elbow-bend’. According to X-ray structural anal-
ysis and electron microscopy data, this angle sig-
nificantly varies in Fab structures from different
sources, and this has been interpreted as indirect

evidence in favor of wobbling around these axes
(w16,17,30x, and references therein). Molecular
dynamics simulations of uncomplexed Fab in solu-
tion w49x suggest a low-amplitude motion of the
protein domains with respect to one another,
reflected by a periodic alternation of the elbow-
bend angle within a range of 118. Insertion of the
hapten into the binding site changes the elbow-
bend angle by almost 308. Taking in consideration
the molecular mass ofV , V , C andC macro-H L H L

molecular subunits, we can conclude that the
correlation time of their low amplitude mutual
mobility is equal to, or longer than, 10 ns. This is
markedly higher thant for the StDNP andc

NslDNP probes in the binding site. The Fab
dynamics simulationsw49,50x showed that the
amplitude of mutual motion of two variable
domains does not exceed 1 A, and, therefore, the˚
probe’s motion cannot be realized by a mutual
movement of theV andV domains.H L

The 2.9 A resolution X-ray determined structure˚
of the NslDNPyantiDNP antibody complexw30x
provides isotropic thermal parameter(‘B’-value)
data for an analysis of possible dynamics of
various parts of the hapten–antibody complex. B-
factors for atoms related by bond angles in main-
chains were set to 2.0 A , pointing out the rigidity2˚
of the chain. An overall B-factor of 15 A was2˚
maintained for all atoms. In the antigen binding
site region, the average B-parameters for the side-
chain atoms of c Trp 91 L and Trp 96 H were
reported to be 18.2 and 11.8 A . While the electron2˚
density for the hapten was also noted to be ‘quite
good’, the isotropic thermal B-parameters, for the
hapten were described as being higher than those
for neighboring residuesw30x. This is readily seen
by the 37.4 A average B-values for the hapten-2˚
TEMPO ring, while the 22.9 A average B-values2˚
for the hapten-DNP ring are slightly higher than
the average B-values mentioned above for the
tryptophanyl side chain moieties at the binding
site. Therefore, on the time-scale of the X-ray
crystallographic measurement, the NslDNP hapten
appears to undergo more dynamic motion or static
disorder than its surroundings with ‘amplitudes’
(root square from B) for Trp 91 L, Trp 96 H, DNP
and TEMPO groups approximately 4.2, 3.4, 6.1
and 4.8 A, correspondingly. These ‘amplitudes’ of˚
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above mentioned groups wobbling are comparable
with the group’s radius.
The tryptophan moieties are connected with the

main-chains by a flexible spacer of two CH2
groups. Thus, we conclude that wobbling of the
rigid binding siteyNslDNP hapten ensemble(Trp
91 L, Trp 96 H, DNP-ring, TEMPO-ring), as well
as that for the corresponding StDNP analogue, can
be responsible for the label’s nanosecond dynamics
detected by ESR and fluorescence polarization
techniques. This mechanism of Fab dynamics in
the vicinity of the binding site appears to be the
most probable. The mobility of Trp 91 L and Trp
96 H moieties provides the induced fit for effective
stacking and release of the DNP epitope.

4. Conclusion

Protein intramolecular mobility shows a signif-
icant dependence upon the molecular dynamics of
the immediate solvent medium which provides the
free volume for movement of protein domains and
individual functional groups. A combined fluores-
cence–photochrome approach was used for inves-
tigation of the state of the medium’s microviscosity
within the binding site cavity of antiDNP antibod-
ies. The fluorescent DNP analogue, 4-(N-2,4-din-
itrophenylamino)-49-(N,N9-dimethylamino)stilbene
label (StDNP), 1, was incorporated into the bind-
ing site followed by measurement of a set of
fluorescence and photochrome parameters(such as
the StDNP excitation and emission spectra, fluo-
rescence life time, steady-state and time-resolved
fluorescence polarization,trans–cis andcis–trans
photoisomerization kinetics, and fluorescence
quenching by nitroxide radicals freely diffused in
solution). In parallel and independently, computa-
tional molecular graphics modeling of the position
and dynamics of the StDNP and spin nitroxide-
DNP (NslDNP) labels in an AN02 Fab fragment
model of the binding site were also undertaken.
On the basis of the available experimental and

computational data we came to the following
conclusions.
(1) The StDNP probe undergoes anisotropic

rotation in the 6 cP solvent mixture-A solution as
a whole molecule with a correlation timet s1.1c

ns. This is much faster than theoretically predicted

from the rotation barrier in vacuum about the C–N
bond connecting the DNP and stilbene fragments
(t s19 ns).c

(2) The StDNP probe in bothtrans- and cis-
conformation forms a complex with the antibody
binding site (K s1.2=10 M for the trans-y6

d

conformation) in which the DNP fragment is
squeezed between two parallel tryptophanyl rings
according to the model.
(3) Data on fluorescence polarization of StDNP,

and analysis of the ESR spectrum of NslDNP,
indicate that both labels in the binding site are
involved in anisotropic rotation with correlation
times of 4 and 2.5 ns, respectively. This rotation
is significantly faster than the mobility of the
antiDNP antibody and Fab fragments and than
theoretically calculated rotation about the C–N
bond between the DNP moiety and the stilbene
and nitroxide fragments in StDNP(t s19 ns) andc

in NslDNP (t s1.5 s).c

(4) The results of the photoisomerization kinet-
ics experiments provide a confirmation of the
computer modeling prediction of sufficient space
for twisting of the StDNP stilbene fragments in
the excited singlet-state without any steric hin-
drance. The estimated ‘microviscosity’ parameter,
the twisting correlation time(t s1 ns), is foundc

to be close to the unbound label’s anisotropic
rotational correlation time in solution(t s1.1 ns).c

Therefore, the microviscosity of the medium in
the binding site cavity does not differ markedly
from the bulk viscosity.
(5) As predicted by computer modeling, the

StDNP fluorescence quenching experiments indi-
cate that nitroxide quencher access to the bound
stilbene fragment in the complex to afford encoun-
ter complexes is limited by an apparent steric
factor of approximately 0.5. The viscosity of the
binding site cavity in the area of the stilbene label
at distance approximately 5 A from the protein˚
tryptophanyl groups is close to the bulk viscosity.
All the experimental evidence suggests that

wobbling of the rigid binding siteyNslDNP hapten
ensemble(Trp 91 L, Trp 96 H, DNP-ring, TEM-
PO-ring), as well as that for the corresponding
StDNP analogue, can be responsible for the label’s
nanosecond dynamics detected by ESR and fluo-
rescence polarization techniques. Thus, this mech-
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anism describing the molecular dynamics of the
Fab binding site appears to be the most probable.
In accord with the experimental findings, the
mobility of Trp 91 L and Trp 96 H moieties
provides the induced fit needed for effective stack-
ing and release of the DNP epitope. As a result,
we have shown that the combined fluorescence–
photochrome approach can be used for investiga-
tion of local medium molecular dynamics in the
immediate vicinity of specific sites of proteins and
nucleic acids, as well as for other biologically
important structures and synthetic analogues.
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