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Fluorescence Spectroscopy

of Proteins

Fluorescent probes provide insight into the

structure, interactions, and dynamics of proteins.

Proteins are directly involved in all
known biological processes except for
the storage of genetic information. The
diversity of functions carried out by
proteins is matched by the variety of
their three-dimensional structures. A
challenging area of inquiry in molecu-
lar biology is the relation between pro-
tein structure and function. In particu-
lar, protein chemists are trying to an-
swer three basic questions with respect
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to the relation between structure and
function: (i) How do proteins fold? That
is, how does the simple linear array of
20 kinds of amino acids specify the
complex three-dimensional structure
crucial for the function of the protein?
(ii) How do proteins recognize other
molecules? What is the basis of the high
degree of selectivity displayed by pro-
teins in their interactions with large and
small molecules? (iii) How do proteins

37. Kuo Pao-chiin et al., Hui Hsien Fa-chiieh
Pao-kao (Science Press, Peking, 1956).

38. A. F. Wright, in Generalization in the Writ-
ing of History (Univ. of Chicago Press, Chi-
cago, 1963), p. 39.

39. J. Treistman [Science 160, 853-56 (1968)], in
an attempt to show that “China, at 1000
B.C., was an area of great diversity,” tries to
refute the whole Lungshanoid concept. She
believes that the ‘‘so-called prehistoric Lung-
shanoid is conceived in terms of dynastic
succession and expansion as it spreads its
enlightening influence throughout China.” By
using this North China—derived concept to
‘““‘cover prehistoric and early historic phe-
nomena occurring outside of the nuclear
area,” my interpretation of this part at least
of Chinese prehistory is thus ‘a reversion to
the technique of writing colonial history.”
That China, at 1000 B.C., or any other time,
was a land of diversity is not open to ques-
tion, but diverse local cultures are subject to
classificatory groupings at various levels of
contrast for different interpretive objectives.
What Dr, Treistman has apparently failed to
grasp is that “Lungshanoid” is merely a
classificatory label at a high level of contrast.
and that under this label cultural regionaliza-
tion is not only possible but inevitable. Furth-
ermore, the label “Lungshanoid” is descriptive,
or even interpretive, but not evaluative. To
say that theé Lungshanoid influenced some
culture is not to say that it “enlightened” it.
I wish Dr. Treistman had documented her
statement that I conceived of the Lungsha-
noid concept “‘in terms of dynastic succession
and expansion as it spreads its enlightening
influence throughout China” (Italics mine).
Migrations, expansions, and mutual influences
of prehistoric cultures and peoples took place
-—or are thought by archeologists as having
taken place—throughout human existence all
over the world, and I do not see anything
peculiar about their having taken place in
and around China. The Lungshanoid inter-
pretation simply represents my current view
of what took place, according to the available
evidence, expressed in a classificatory taxon-
omy.

carry out particular functions, such as
catalysis, transport, and motility?

Detailed structural and kinetic data
on proteins and their interactions are
needed to answer these questions. X-ray
crystallography, one of the most power-
ful experimental approaches, has re-
vealed the structure of five proteins,
thereby contributing toward a deeper
understanding of how they function.
However, the x-ray crystallographic
method is not sufficient in itself. The
view it affords, although magnificently
detailed, is essentially static. Further-
more, not all interesting biological ma-
terials can be crystallized. Clearly, no
single experimental approach can en-
compass the richness and complexity
inherent in problems of protein struc-
ture and function. A number of quite
different physical and chemical tech-
niques must be applied and their re-
sults correlated.

I shall now discuss some aspects of
fluorescence spectroscopy as used to
gain insight into the structure and dy-

The author is associate professor of biochem-
istry at the Stanford University School of Medi-
cine, Palo Alto, California.
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namics of protein molecules. In partic-
ular, I will illustrate some ways in which
fluorescent probes have been used in my
Iaboratory to (i) establish the degree
of polarity of a particular region of a
protein; (ii) measure distances between
groups in a protein; (iii) determine the
extent of flexibility of a protein; and
(iv) measure the rate of very rapid
conformational transitions.

Excited-State Processes

A molecule excited to an upper elec-
tronic state (such as §,) can return to
the ground state (S,) in a number of
ways (Fig. 1). First, the molecule very
rapidly goes from S, to the lowest ex-
cited state (S,) without emitting a pho-
ton. Some of the possible fates of §,
are (i) fluorescence, a transition of S,
accompanied by emission of a photon;
(ii) internal conversion, a return to S,
without radiation; and (iii) intersystem
crossing, a transition to an excited trip-
let state (7',) in which the electron
spins are no longer paired as in the
singlet states. 7; may return to the
ground state in a radiative process
termed phosphorescence, or it may re-
turn without emitting radiation. Alter-
natively, S, and 7, may transfer their
excitation energy to other chromophores
or participate in photochemical re-
actions.

The time scale of these processes has
important experimental consequences.
In the absence of nonradiative processes,
S, typically has a lifetime of a few
nanoseconds (1 nsec = 10-° seconds),
whereas 7, usually has a lifetime be-
tween a millisecond and several seconds.
The long lifetime of T, makes it highly
vulnerable to quenching processes, par-
ticularly those that are limited by dif-
fusion. The result is that phosphores-
cence is seldom observed except in rigid
media. In contrast, chromophores in
fluid solution at room temperature are
often fluorescent. The fact that fluores-
cence measurements can be made under
a wider range of conditions than phos-
phorescence measurements accounts for
the more extensive use of fluorescence
spectroscopy in studies of proteins.

Role of Fluorescent Probes

There are three types of fluorescent
chromophores in proteins—intrinsic, co-
enzymic, and extrinsic. The intrinsic
chromophores are the aromatic side
chains of phenylalanine, tyrosine, and
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Fig. 1. Excited-state processes. Straight ar-
rows denote processes in which a photon
is emitted or absorbed; wavy arrows de-
note transitions which do not emit radi-
ation.

tryptophan residues. A small proportion
of proteins also contain a fluorescent
coenzyme such as reduced nicotina-
mide-adenine dinucleotide, flavin-ade-
nine dinucleotide, or pyridoxal phos-
phate. Studies of these intrinsic and
coenzymic chromophores have fur-
nished important information on the
structure and interactions of a num-
ber of proteins (/). However, na-
ture does not always provide the right
chromophore at the right place in a
protein. Frequently, the potential bene-
fits of fluorescence methods can be real-
ized only if the investigator first inserts
a suitable chromophore into the protein
of interest. This approach, introduced
by Weber in 1952 (2), will be the focus
of this article. Some recent develop-
ments in the design, calibration, and

—
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Fig. 2. Fluorescence emission spectra of
1-anilino-8-naphthalene sulfonate (ANS)
in alcohols. The quantum yield increases
and the emission maximum shifts toward
the blue as the solvent polarity decreases
in the order: ethylene glycol (Eg), meth-
anol (M), ethanol (E), n-propanol (P),
n-butanol (B), and n-octanol (0O) (5).

application of such extrinsic chromo-
phores will be considered.

The first requirement for the opti-
mum use of an extrinsic chromophore
is that it be bound or covalently at-
tached to the protein at a unique loca-
tion, such as the active site. Second,
the fluorescence properties of the probe
should be sensitive to the structure and
dynamics of its environment in ways
that are amenable to definitive interpre-
tation. For example, the emission char-
acteristics should reveal whether the
probe is in a polar or nonpolar environ-
ment and whether it is near or far from
another chromophore. Finally, insertion
of the probe should not appreciably
disturb those features of the protein
that are being investigated.

Probes of Polarity

In 1954 Weber and Laurence discov-
ered that a number of polycyclic aro-
matic compounds which are nonfluores-
cent in water become highly fluorescent
on binding to serum albumin (3). One
of the chromophores which showed this
effect was 1-anilino-8-naphthalene sulfo-
nate (ANS). Subsequent studies have
demonstrated that this compound and
related chromophores can be used as
sensitive probes of the polarity of their
environment (Table 1).

Through study of the complex of
ANS and apomyoglobin, the factors
which influence the emission of the
ANS have been clarified (5). Apomyo-
globin, which is myoglobin minus its
heme group, was chosen because it has
a highly nonpolar heme-binding site, as
shown by high-resolution x-ray studies.
For this reason, apomyoglobin was
expected to bind ANS. In fact, ANS
binds stoichiometrically to a specific
site on apomyoglobin with a dissociation
constant of the order of 10—5M.

Furthermore, addition of hemin led
to the displacement of ANS from its
complex with apomyoglobin, which
suggests that ANS and heme bind to
the same site or to sites that substantially
overlap one another. There was a strik-
ing change in the fluorescence of ANS
on binding to apomyoglobin. The quan-
tum yield (Q) increased from 0.004 to
0.98, whereas the wavelength of maxi-
mum emission (A,,,,) shifted from 515
to 454 nm. Similar results were ob-
tained for the interactions of ANS
with apohemoglobin, which also has a
highly nonpolar niche for the heme
group.

The inference that the fluorescence
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properties of the sulfonate depend on
the polarity of its environment was fur-
ther supported by studies of the emis-
sion of this compound in various or-
ganic solvents (5). The emission spectra
of ANS in a series of alcohols are
shown in Fig. 2. As the polarity of the
solvent decreased, Q increased and A,
shifted toward the blue. In ethy-
lene glycol Q was 0.15 and A, was
484 nm, whereas in n-octanol, a much
less polar solvent, the corresponding
values were 0.63 and 464 nm. A similar
effect of solvent polarity on quantum
vield and emission maximum was ob-
served for ANS in mixtures of ethanol
and water (Fig. 3).

The dependence of the A, of ANS
on the polarity of the solvent results
from a reorientation of the solvent shell
around the chromophore when it is ex-
cited. Fluorescent groups which have
higher dipole moments in the excited
state than in the ground state show this

effect (12). The more dipolar, excited
state of ANS interacts with a polar
solvent so as to further align the sol-
vent dipoles, whereas the solvent shell
in a nonpolar solvent is less disturbed.
A photon of lower energy is emitted by
ANS in a polar solvent, since some of
the solvation energy of the excited state
is lost when the chromophore returns
to the ground state. Consequently, the
emission is shifted toward the red
in a polar solvent. The effect of sol-
vent on the quantum yield is not yet
well understood, but the mechanisms
involved are distinct from those which
influence the wavelength of maximum
emission. For ANS, O, is more sensi-
tive than A, to the addition of small
amounts of a polar solvent to a non-
polar one. (Fig. 3). The wavelength
of maximum emission reflects the over-
all dipolar character of the solvent,
whereas Q is sensitive to more localized
deactivating processes. This conclusion

Table 1. Fluorescent probes of polarity.

Probe

Protein

1-Anilino-8-naphthalene
sulfonate (ANS)

>

-N

2-p-Toluidinyl-6-naphthalene
sulfonate (TNS)

CH4

x

NN -
S04
Dansy! sulfonamide

CH CH

3N -
N 3

SO, NH,

p-Nitrophenyl anthranilate (NPA)
NH 2

S0

Serum albumin (3, 4)
Apomyoglobin and apohemoglobin (5)
Histone (6)

Alcohol dehydrogenase (7)

Chymotrypsinogen and chymotrypsin (8)

Anti-dansyl antibody (9)

Carbonic anhydrase (10)

Chymotrypsin (17)
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is further supported by the observation
that the quantum yield of ANS is
threefold greater in D,O than in H,0,
whereas \,., is the same in the two
solvents (13).

Fluorescent probes like ANS have
been used to investigate various aspects
of the structure and interactions of a
number of proteins (I/4) (Table 1).
First, the degree of polarity of several
active sites has been determined. Apo-
myoglobin (5), apohemoglobin (5),
and carbonic anhydrase (10) are highly
nonpolar in this respect. Serum albumin
(4), antibody to the dimethylamino-
naphthalene-5-sulfonyl group (anti-
dansyl antibody) (9), and alcohol dehy-
drogenase (7) have moderately nonpolar
binding sites, whereas chymotrypsin
has a highly polar active site (7). The
degree of polarity of an active site may
have important implications for the
stability of the prosthetic group, the
forces involved in the binding of sub-
strate, or the mechanism of catalysis
(15). Second, the binding of substrates
and coenzymes to proteins can readily
be followed if a fluorescent probe is
located at or near the active site. The
fluorescent probe may be displaced by
the substrate, or its fluorescence char-
acteristics may be altered on formation
of a ternary complex (8). Similarly, con-
formational changes that influence the
catalytic process may be detected (8).

Energy Transfer

Still another use of fluorescent probes
is based on observations that energy
absorbed by a chromophore can be
transmitted to another chromophore
some distance away. There are three
types of energy transfer: singlet-singlet,
triplet-singlet, and triplet-triplet (Table
2). In siriglet—singlet transfer, the return

~of the energy donor from S; to the

ground state is coupled to the excitation
of the energy acceptor from the ground
state to a higher singlet level. This type
of energy transfer occurs over appreci-
able distances (76). Latt, Cheung, and
Blout (17) observed efficient singlet-
singlet transfer between chromophores
located at the ends of a rigid steroid
molecule 20 A long, and H. Kuhn and
co-workers (/8) demonstrated efficient
transfer between monolayers of chro-
mophores separated by distances of
about 50 A.

Forster proposed that singlet-singlet
transfer occurs by a resonance interac-
tion of the dipole pair between the en-
ergy donor and acceptor chromophores
(19). In his quantitative treatment the
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Table 2. Types of electronic energy transfer.

Excited . Effec-
Energy state Stzie to wh.lch Transfer tive Experimental
transfer of ceptor is chha— range criterion
excited nism g
donor (A)
Singlet-singlet S1 S1 or higher Dipole-dipole Up to 65 Sensitized
interaction fluorescence
Triplet-singlet T4 S1 or higher Dipole-dipole Up to 65 Delayed
interaction fluorescence
Triplet-triplet T4 T4 Electron Less than Sensitized
exchange 15 phosphorescence

distance R, (at which singlet-singlet
transfer is 50 percent efficient) is re-
lated to spectroscopic and geometric
variables by the expression

R, = 9.79 x 10* (Jn*K*Q)* (1)

in which J is the integral of spectral
overlap, n is the refractive index of the
medium, K is the orientation factor of
the dipole pair, and Q is the quantum
yield of the energy donor (20). The
overlap integral of the extinction coef-
ficient of the acceptor and the emission
spectrum of the donor (normalized to
unity on a scale of wave number), mea-
sures the extent to which the oscillators
are in resonance. The medium between
the donor and acceptor has no effect on
the transfer apart from the refractive in-
dex factor (n—*), provided that the me-
dium is transparent at wavelengths at
which the energy donor emits. The an-
gular factor K2 can vary between 0 and
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Fig. 3. Dependence of quantum yield and
emission maximum of ANS on the percent
(by volume) of H.O in H.O-ethanol mix-

tures.
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Fig. 4. Model system for the study of the
dependence of singlet-singlet energy trans-
fer on distance. The energy donor, a
naphthyl group, was separated from the
energy acceptor, a dansyl group, by olig-
omers of poly-L-proline. The number of
prolyl residues ranged from 1 to 12 (27).

O=U=0
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4. For random orientation of the groups,
K?is 25. The quantum yield of the en-
ergy donor is a factor in Eq. 1 because
internal conversion in the donor com-
petes with energy transfer.

Forster’s theory further predicts that
the rate constant for singlet-singlet
transfer is proportional to r¢, where r
is the distance between the energy donor
and acceptor. The efficiency E of singlet-
singlet transfer for a donor-acceptor
pair at a defined distance and orientation
is then

E=r%G"* + Rs™*) (2)

Stryer and Haugland (27) have
tested the validity of Forster’s theory
of singlet-singlet energy transfer by the
model system shown in Fig. 4. Oligom-
ers of poly-L-proline served as spacers
of defined length to separate an energy
donor and acceptor by distances ranging
from 12 to 46 A. The method of solid-
phase peptide synthesis was used for
the stepwise synthesis of oligomers con-
taining up to 12 prolyl units. The optical
rotatory dispersion of these compounds
in the ultraviolet region showed that the
oligomers containing five or more prolyl
residues are in a trans helical confor-
mation. Since the atomic coordinates of
this helical structure were known, the
distances between the energy donor and
acceptor in the various oligomers were
accurately defined. Two other properties
of poly-L-proline were important for this
study; in dilute solution intermolecular
aggregation did not occur, and the poly-
peptide did not participate in the trans-
fer process, since the absorption bands
of lowest energy of the prolyl units were
in the far-ultraviolet region.

The o-naphthyl and dansyl groups
were chosen as the donor and acceptor
because they meet several spectroscopic
criteria. First, their absorption and
emission spectra are distinct, which
makes it easy to determine how many
photons are absorbed and emitted by
each group. Furthermore, the emission
spectrum of the w-naphthyl group sub-
stantially overlaps the absorption spec-
trum of the dansyl group, so that the

magnitude of the integral of spectral
overlap (J in Eq. 1) is large. Efficient
energy transfer is also favored by the
high quantum yield of fluorescence of
the -naphthyl group in the absence of
the acceptor. Finally, the dansyl group
is highly fluorescent, which simplifies
the detection of the energy transfer.

The efficiency of energy transfer in
each oligomer was determined from ex-
citation spectra of the dansyl emission
(Fig. 5). The excitation spectrum of an
isolated chromophore is coincident with
its absorption spectrum. However, in the
presence of energy transfer, the excita-
tion spectrum shows additional contri-
butions corresponding to absorption by
the energy donor. At a given wave-
length, the magnitude of the excitation
spectrum F is related to the transfer
efficiency E and the extinction coeffi-
cients of the donor, ¢, and acceptor,
£4, by the expression

F = ¢4 + Eep 3)

In the present system, the absorption
maximum of the acceptor was at 340
nm. The donor exhibited maximum ab-
sorption at 290 nm, where the acceptor
had an absorption minimum. When one
prolyl residue separated the donor and
acceptor, the excitation spectrum was
identical to the sum of the absorption
spectra of the two chromophores, which
indicates a transfer efficiency of 100
percent (Fig. 5). As the number of
prolyl residues increased, the excitation
peak at 290 nm decreased, which dem-
onstrates a reduced transfer efficiency.

T T T

1 {100% transfer)

Fluorescence intensity

! 1 ! 1 it 1
0 280 300 320 340 360 380 400
Excitation wavelength (nm)

Fig. 5. Excitation spectrum of dansyl-L-
prolyl-hydrazide (dotted line, O percent
transfer); dansyl-L-prolyl-a-naphthyl (un-
broken line, 100 percent transfer) and
dansyl-(L-prolyl)-e-naphthyl (dashed line,
n=>5,17,8, 10, 12) (21).
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Fig. 6. Efficiency of energy transfer as a
function of distance in dansyl-(L-prolyl),-
a-naphthyl. The observed efficiencies of
transfer for n =1 to 12 are shown as
points. The solid line corresponds to an r°
distance dependence (21).

The efficiency of transfer as a func-
tion of distance is given in Fig. 6. The
exponent j of the distance dependence
ri was determined from the slope of a
curve in which log (E-* — 1) is plotted
as a function of log r. A linear rela-
tion was found with j = 5.9 = 0.3.
Thus, the experimentally observed dis-
tance dependence of singlet-singlet en-
ergy transfer (27) is in excellent agree-
ment with the ¢ dependence predicted
by Forster.

Spectroscopic Rulers

A particularly attractive prospect
suggested by these results is that singlet-
singlet energy transfer might be used
to reveal proximity relations in the
range between 15 and 65 A in proteins
and other biological macromolecules

Intensity

Nanoseconds
Fig. 7. Nanosecond light pulse (29).
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(27). A number of conditions would
have to be met first: (i) there should
be a single donor and a single acceptor
at specific sites on the macromolecule;
(ii) the R, value of the donor-acceptor
pair should be calibrated, and the value
should be comparable to the magnitude
of the distance measured; and (iii) in-
formation on the relative orientation of
the donor-acceptor pair would be
needed to determine whether a low
transfer efficiency resulted from a large
separation of the donor and acceptor
or from an unfavorable orientation.
Some experimental approaches for
meeting these requirements can be sug-
gested. The R, value of donor-acceptor
pairs could be varied from about 15 to
45 A by altering the quantum yield of
the donor or the absorption spectrum of
the acceptor. The orientation ambiguity
might be resolved by a series of energy
acceptors that have different geomet-
rical modes of attachment to the same
side chain of the protein. Alternatively,
it might be possible to achieve randomi-
zation of the orientation of the donor-
acceptor pair, as in the poly-L-proline
model system. The requirement for a
single donor and acceptor at unique
sites in the macromolecule is a particu-
larly challenging one. Techniques for
specific attachment of fluorescent groups
are being developed; an example is
given below.

Triplet-singlet energy transfer (22)
(Table 2) may also be useful as a spec-
troscopic ruler. Phosphorescence tech-
niques are used to detect this type of
energy transfer since the sensitized
fluorescence of the energy acceptor is
delayed. The time course of the sensi-
tized emission is determined by the
relatively long life of the triplet state of
the energy donor. The kinetic studies
of Bennett, Schwenker, and Kellogg
(23) on intermolecular triplet-singlet
transfer clearly indicate that its distance
dependence is very much like that of
singlet-singlet transfer. Galley and Stry-
er have recently observed triplet-singlet
transfer in a complex of chymotrypsin
and proflavin in a rigid glass at 77°K
(24). The tryptophan residues of chy-
motrypsin were the energy donors,
whereas proflavin, specifically bound to
the active site, was the energy acceptor.
In this system, several rate constants of
triplet-singlet transfer corresponding to
different distances and orientations of
the several tryptophan residues relative
to the bound proflavin were found. It
seems probable that triplet-singlet trans-
fer will complement singlet-singlet

transfer in the study of proximity rela-
tions in the range between 15 and 65A.

Triplet-triplet energy transfer (25) is
a promising means for showing that
chromophores are in close proximity.
This process (Table 2) differs from
singlet-singlet and triplet-singlet transfer
in that it occurs by an electron-ex-
change interaction. The precise depen-
dence of triplet-triplet transfer on dis-
tance is not yet known. However, stud-
ies of mixtures of donor and acceptor at
high concentration indicate that effi-
cient transfer occurs only when the
centers of the groups are less than about
12 A apart (25). Galley and Stryer (26)
have recently used triplet-triplet energy
transfer to determine whether there is a
tryptophan residue at the active site of
carbonic anhydrase. A potential triplet
energy donor, m-acetylbenzenesulfona-
mide (MABS), was specifically bound
to the zinc atom at the active site. This
sulfonamide was chosen because its ex-
cited singlet level is lower than that of
tryptophan, whereas its triplet level is
higher. Thus it is possible to excite this
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Fig. 8. Nanosecond fluorescence polariza-
tion of anthraniloyl chymotrypsin in 0.1M
phosphate buffer, pH 6.8, at 22°C. (a)
Intensity of the parallel and perpendicu-
larly polarized components of the fluores-
cence as a function of time. (b) Log-
arithm of the emission anisotropy as a
function of time. The slope (when cor-
rected for the finite duration of the light
pulse) yields a rotational relaxation time
of 52 nanoseconds for the anthraniloyl
chromophore.

SCIENCE, VOL. 162



compound at 330 nm, where trypto-
phan does not absorb. Excitation of the
bound sulfonamide compound at 330
nm resulted only in tryptophan phos-
phorescence. This finding of highly effi-
cient transfer of triplet-triplet energy
from the sulfonamide to tryptophan re-
vealed that there is a tryptophan residue
at or close to the active site of carbonic
anhydrase. The active sites of two other
enzymes were probed in this way. A
m-acetylbenzenesulfonyl group was co-
valently attached to the serine residue
at the active site of chymotrypsin. The
absence of triplet energy transfer in that
enzyme derivative indicates that none
of the eight tryptophan residues is ad-
jacent to the me-acetylbenzenesulfonyl
group at the active site (26). Galley and
Stryer also probed the active site of
papain with a potential triplet donor.
An acetophenone group was covalently
attached to the cysteine residue at the
active site of papain. Efficient triplet-
triplet transfer from the acetophenone
group to tryptophan demonstrated that
one or more tryptophan residues are
close to the active site. These findings
are consistent with what is known from
x-ray studies about the three-dimen-
sional structures of chymotrypsin and
papain (27).

Rotational Motions

Very rapid processes in proteins can
be directly studied by fluorescence
methods that utilize nanosecond light
pulses. By this new approach we have
investigated the rotational motions of
the active sites of several proteins. First,
a fluorescent probe with a suitable ex-
cited-state lifetime was specifically in-
serted into an active site. Then the
chromophore was excited with a short
light pulse, and the polarization of its
emission was measured as an explicit
function of time in the nanosecond
range.

One of the proteins studied in this
way was g-chymotrypsin. Haugland and
Stryer (/1) found that p-nitrophenyl
anthranilate (NPA) reacted specifically
with e-chymotrypsin to form a highly
fluorescent anthraniloyl derivative:

NH ,

Chymotrypsin 4 02N~©-0—C-©
]
[¢]

NH,
Chymotrypsin —=C—
i

0
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A number of observations indicated that
the anthraniloyl group was attached to
the active site of the enzyme, probably
at serine 195: (i) only one anthraniloyl
group was introduced per molecule of
chymotrypsin, even when excess an-
thranilate was used; (ii) the anthraniloyl
derivative of chymotrypsin was devoid
of enzymatic activity; (iii) chymotryp-
sinogen, diisopropylphosphoryl chymo-
trypsin, and a variety of other proteins
were not labeled by the anthranilate
compound, which demonstrates the high
selectivity of this reagent; (iv) the only
other protein tested that reacted with
NPA was trypsin, an enzyme similar to
chymotrypsin in a number of respects.
The anthraniloyl derivative was stable
at neutral pH and could be crystallized.
These crystals have the same unit cell
dimensions as those of the native en-
zyme (28). Thus the structure of the
protein was not grossly altered by the
presence of the fluorescent probe. The
absorption and emission properties of
the anthraniloyl chromophore also were
very favorable. The absorption and
emission maxima at 342 and 422 nm,
respectively, were well removed from
those of the aromatic residues of the
protein, making it possible to excite the
anthraniloyl group exclusively. The
quantum yield of fluorescence (0.53)
was conveniently high. Finally, the ex-
cited-state lifetime of 7.2 nanoseconds
was of suitable duration.

The anthraniloyl chymotrypsin was
excited by a nanosecond light pulse
(Fig. 7) that was polarized in the y-di-
rection. The nanosecond light source
and detection system were designed by
Hundley, Coburn, Garwin, and Stryer
(29). The intensities of the fluorescence
emitted in directions parallel (y) and
perpendicular (x) to the direction of ex-
citation were measured as a function of
time (Fig. 8a). The incident light polar-
ized in the y-direction produced a popu-
lation of excited molecules in which the
axes of absorption were preferentially
oriented in the y-direction at the instant
of excitation. The process of orienting
molecules from an isotropic solution is
called photoselection. Shortly after the
excitation pulse, the intensity of the
parallel component of fluorescence (F,)
was more than twice that of the perpen-
dicular component (F,) (Fig. 8a). After
a few nanoseconds, F, and F, were
more nearly equal because the protein
molecules had undergone  rotational
Brownian motion. In effect, the assem-
bly of excited molecules seems to forget
the direction of excitation with the rate

of forgetting dependent on the degree
of flexibility of the protein.

These results can be readily inter-
preted in terms of a theory derived by
Perrin and further developed by Jablon-
ski (30). The important parameters are
A(f), the emission anisotropy, and P>
the rotational relaxation time. The ani-
sotropy, defined as

A(t) = [Fy(t) — Fo(1)1/[Fy(t) -+ 2Fx((t?1'l
)

depends on time according to

A(t) = Ae™r 5

where A, is the anisotropy at the in-
stant of excitation. In fact, the emission
anisotropy of anthraniloyl chymotryp-
sin obeys this relationship. The plot of
log A as a function of time is linear
(Fig. 8b). The slope of this line is equal
to —3/p. The application of a convo-
lution analysis (29), which takes into
account the finite duration of the excit-
ing light pulse, gives a rotational relax-
ation time of 52 nanoseconds for the
anthraniloyl chromophore attached to
chymotrypsin.

One can interpret this value of p by
considering two very different models.
In the first, the active site of the en-
zyme is taken to be highly flexible dur-
ing the nanosecond range so that the
anthraniloyl chromophore rotates as
though it were independent of the rest
of the molecule. In the second model,
the enzyme is taken to be a rigid sphere,
and the anthraniloyl chromophore is as-
sumed to rotate in common with the
entire protein molecule. The value of p
can be estimated for these two models
in terms of the expression for the rota-
tional relaxation time p, of an unhy-
drated, rigid sphere (30)

po = 3qV /KT (6)

where V is the volume of the sphere,
n is the viscosity of the solution, k is
the Boltzmann constant, and T is the
absolute temperature. The value p for
model 1 is estimated to be less than 1
nanosecond, whereas for model 2, p is
calculated to be 22 nanoseconds.
Clearly, the observed p of 52 nanosec-
onds is incompatible with the model of
a flexible active site. In fact, the ob-
served p is even greater than p, calcu-
lated for an anhydrous, rigid sphere of
the size of a-chymotrypsin. This result
would be expected if the chymotrypsin
molecule were hydrated or had a non-
spherical shape, as is probably the case.
These nanosecond polarization data in-
dicate that the active site of anthraniloyl
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Fig. 9. Predicted dependence of the emission anisotropy on time for a protein under-
going a reversible transition between a rigid, native form and a flexible, unfolded form,
according to (b) model 1, in which the two forms do not interconvert in times of the
order of nanoseconds; (¢) model 2, in which the two forms readily interconvert in
times of the order of nanoseconds; and (d) model 3, in which there is a range of
partially unfolded molecules in slow equilibrium. Log 4 plotted as a function of time
for the fully native and fully unfolded forms is shown in (a).

chymotrypsin is rigid in the nanosecond
range. The linearity of the plot of
log A4 as a function of time empha-
sizes that the chromophore has no
rotational mobility independent of the
motion of the whole protein molecule.

This nanosecond approach (31) com-
plements steady-state polarization meth-
ods that have been fruitfully used in
studies of proteins since their introduc-
tion by Weber (32). It is of interest
to compare the two approaches. The
steady-state method is less direct, since
p cannot be determined from a single
experiment. The quantity p is related to
A, the average anisotropy observed in
the steady-state mode, by the expression

p=31d] (A, — A) (7)

where r is the lifetime of the excited
state. The difficulty with the steady-
state approach is that p is specified only
if A, is known, yet 4, cannot be di-
rectly measured. Rather, it is obtained
by measuring 4 in solutions of increas-
ing viscosity and extrapolating to infinite
viscosity. The value for p obtained in
this way for anthraniloyl chymotrypsin
(11) agrees well with the value deter-
mined by the nanosecond approach de-
scribed above. However, the extrapola-
tion procedure is by no means univer-
sally applicable; addition of sucrose or
glycerol to increase the viscosity of the
solution frequently alters the structure
of the protein or the spectroscopic prop-
erties of the probe. This problem is en-
tirely obviated by the nanosecond pulse
method, which directly reveals p in a
single experiment. A second advantage
of the nanosecond approach is that the
presence of more than one rotational
relaxation time can be more easily de-
tected by it than by the steady-state
method. For example, anisotropic mac-
romolecules such as DNA are expected
to have two rotational relaxation
times (30).

Nanosecond fluorescence measure-

532

ments can also reveal whether a confor-
mation transition occurs in a very short
time interval. Qur studies of the rota-
tional motions of anthraniloyl chymo-
trypsin in solutions of urea illustrate this
application of the nanosecond pulse
technique. Chymotrypsin undergoes a
reversible unfolding in solutions that
contain a high concentration of urea
(33). The steady-state emission aniso-
tropy of the unfolded form of anthra-
niloyl chymotrypsin (4,) is much lower
than that of the native, folded form
(A;). The concentration of urea can be
chosen so that the observed emission
anisotropy is intermediate between
A; and A4,. This intermediate value of
the steady-state anisotropy can be inter-
preted in terms of several models. In
model 1 half the molecules are native,
the other half are completely unfolded,
and the two forms do not interconvert
in times of the order of nanoseconds.
In model 2 some of the molecules
are native, the others are completely
unfolded, and the two forms intercon-
vert readily in the time range of nano-
seconds. In model 3 there is a spectrum
of forms, such that the extent of folding
of many molecules is intermediate be-~
tween the completely native and com-
pletely unfolded states. Furthermore, it
is assumed that these partially unfolded
species do not interconvert in the nano-
second range.

These alternatives can be distin-
guished by fluorescence polarization
measurements in the nanosecond range,
since the three models would yield dis-
tinctly different curves of log A(#)
plotted as a function of time. For model
1 two distinct slopes which correspond
to fully native and fully unfolded mole-
cules would be observed (Fig. 9b). For
model 2 a single slope intermediate in
magnitude between those of the fully
native and fully unfolded forms is ex-
pected (Fig. 9c). For model 3 the de-
pendence of log A(¢) on time would

not be linear, since the spectrum of
partially unfolded molecules would give
a wide range of rotational relaxation
times (Fig. 9d). The experimental find-
ing is that the nanosecond emission
anisotropy of anthraniloyl chymotrypsin
in urea corresponds to model 1. Thus,
the unfolding of anthraniloyl chymo-
trypsin is an all-or-none process. Fur-
thermore, the interconversion between
the fully folded and fully unfolded
states takes longer than a few nano-
seconds.

Thus fluorescence pulse methods can
be used to explore the conformational
motility of proteins. It is important to
know whether conformational transi-
tions in proteins occur in the nanosec-
ond range. The rates of the most rapid
structural rearrangements in proteins set
an upper limit on the number of con-
formations that a newly synthesized
polypeptide chain could try out before
folding into its characteristic form. If
conformational transitions occur in
nanoseconds, then fluorescence pulse
methods will be invaluable for their
study, because few other techniques
extend to such short times.

Summary

Fluorescent probes which have read-
ily interpretable emission properties can
be specifically inserted into proteins to
reveal facets of their structure and dy-
namics. The degree of polarity of sites
on proteins can be determined from the
emission characteristics of probes such
as l-anilino-8-naphthalene sulfonate. In
a highly polar environment, they exhibit
a very weak, green emission, whereas
in a nonpolar environment, they show
an intense, blue fluorescence. Distances
in proteins can be deduced from the
efficiency of energy transfer between
chromophores, expressed in terms of
sensitized fluorescence or sensitized
phosphorescence.  Singlet-singlet and
triplet-singlet energy transfer are suit-
able spectroscopic rulers in the range
between 15 and 65 A, whereas triplet-
triplet transfer can be used to show that
two groups are less than 12 A apart.
Rotational motions of proteins and the
degree of flexibility of their active sites
can be determined by measurements of
fluorescence polarization as a function
of time, after an exciting light pulse of
nanosecond duration. Nanosecond fluo-
rescence spectroscopy can also be used
to ascertain the rates of very rapid con-
formational transitions.
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Primate Color Vision

The macaque and squirrel monkey differ in their color
vision and in the physiology of their visual systems.

Russell L. De Valois and Gerald H. Jacobs

Visual perception depends upon cer-
tain basic information: the intensity and
wavelength of light coming from each
point in a scene. Every animal with
vision makes use of intensity informa-
tion, and various animals appear to do
so in much the same way. The situation
is different, however, for wavelength in-
formation. Some animals have no color
vision at all, others apparently discrim-
inate wavelengths to some extent, and
still others have excellent color vision.
A number of years ago, Walls (1)
argued that color vision has evolved
independently in different classes of ani-
mals, human color vision having prob-
ably developed within the primate order.
One basis for this view is the fact that
many other mammals seem to have no
more than rudimentary color vision, and
that, in those lower animals which do
have excellent color vision, the phys-
iological means by which it is achieved
may differ. Man, for example, has re-
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ceptors containing different photopig-
ments which provide the essential first
step in differentiating wavelengths; some
reptiles and birds, on the other hand,
appear to have just a single photopig-
ment in combination with oil droplets
of various colors which serve to differ-
entially filter the light reaching the pig-
ment in different receptors.

Although evidence that the color vi-
sion of mammals developed independ-
ently from that of reptiles and birds is
fairly strong, the course of that evolu-
tion within the mammals, or the extent
to which color vision developed within
the primates, is by no means so clear.
Although no mammal other than the
higher primates has been found with
color vision approximating that of nor-
mal man, ground squirrels (2) appear
to have some color vision, and, as
Polson (3) has recently shown, the tree
shrew (Tupaia) has color vision. This
latter animal, which is intermediate
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between the insectivores and the pri-
mates, is highly diurnal, has an all-cone
retina, and color vision of the deuter-
anopic variety.

Many tests -have been made of color
vision in primates, mostly in various
Old World species. Many of the early
studies were essentially anecdotal, but,
in carefully controlled experiments,
Grether (4) and Trendelenberg and
Schmidt (5) showed that macaques and
several other Old World primates have
excellent color vision similar to that of
normal human trichromats. These ex-
periments included neutral-point tests,
hue discrimination, and anomaloscope
measurements.

The results of tests of New World
monkeys have been quite different.
Grether (4) found that Cebus monkeys
had deviant color vision on all of his
tests, and concluded that they were pro-
tanopic dichromats. The squirrel mon-
key (6) was also found to be deviant in
hue discrimination, but the hue-discrim-
ination test alone does not allow diag-
nosis of the type of defect. On the other
hand, one spider monkey studied by
Grether was found to have normal color
vision and hue discrimination (the fact
that this animal was a female whereas
all of Grether’s Cebus were males may
be significant).

Unfortunately, in regard to the ques-
tion of the evolution of primate color
vision, no recent studies have been
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