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Abstract: Site-directed mutagenesis of streptavidin was carried out using a frame-shift suppressor tRNA that

is aminoacylated with.-p-nitrophenylalanine and has a CCCG 4-base anticodon. Streptavidins carrying a
single p-nitrophenylalanine at 22 different sites were prepared from mRNAs that contain a single CGGG
4-base codon at the mutation site. Of the 22 mutants, 14 mutants were found tiN-biodinyl-L-1-
pyrenylalanine. Site-to-site photoinduced electron transfer from the excited pyrenyl group to the nitrophenyl
group was observed with steady-state fluorescence spectroscopy as well as by fluorescence decay measurement.
The rate constants of the electron transfer decreased with the edge-to-edge distances that were predicted from
the X-ray crystallographic structure of streptavidin. The distance dependence was analyzed on the basis of
the tunneling pathway model. It was found that the rate constants are compatible with those in other proteins
carrying metal complexes, except for the cases where electron transfer occurs through long space.

Site-directed incorporation of nonnatural amino acids is a distance decay constafit Dutton and co-workefsproposed
versatile technique through which a variety of functional groups that thes values for different protein systems seem to be roughly
may be placed on the three-dimensional molecular framework the same value, 1.47A. Jay-Gerin and co-workéerseexamined
of proteins. The technique first reported by Schultz’s gfoup the ET rates in various proteins and found that the distance decay
and Chamberlinsgroup has been extended to incorporate a constant for proteins excluding those of photosynthetic reaction
variety of nonnatural amino aciti$ and to use 4-base coden centers is 0.66 AL, However, Gray and co-workers made closer
anticodon pairs for addressing nonnatural amino &tids. investigation of different protein systems that have different

One of the attractive goals of this technique is to build paths secondary and tertiary structures and found thagthalue may
for electron transfer (ET) and energy transfer in proteins. Since depend on the detailed molecular structure of the profelitss
these photoprocesses are very sensitive to the distances betweeandicates that the electronic couplifgpa, between the donor
donors and acceptors on the order of several angstroms, theand acceptor may depend on the intervening medium, that is,
site-specific incorporation of these groups into the three- the conformation of the polypeptide chain and the mode of their
dimensional molecular framework will be a powerful approach connectivity.
to achieve artificial photoenergy conversions and to design other  Beratan et al? proposed a tunneling pathway model in which
photoelectronic devices. For this approach to be successfulithe electronic coupling is calculated for a particular path along
however, one must have detailed information on the proper g sequence af bonds with occasional jumps through space or
chromophore arrangements for effective ET in proteins. through hydrogen bonds. If there are several possible pathways

Electron transfer in proteins has been attracting the interestof comparable electronic coupling strengths, those must be

of a number of researchers. In recent years, attention seems tGummed up to obtain the total electronic couphtgThe
be focused on the distance dependence of the ET rates. The
ET rate constants in several different protein systems have been (7) Moser, C. C.; Keske, J. M.; Warncke, K.; Farid, R. S.; Dutton, P. L.
i i _to- i ature1992 355 796.
Lound to d?]ca%exponen(t;al:{ against the edge-to eq%e i'StanceN (8) Lopez-Castillo, J-.M.; Filali-Mouhim, A.; Nguyen, E.: Binh-Otten,
etween the donor and the acceptor, exfit, with the v/ . "jay.Gerin, 3.-P3. Am. Chem. Sod 997 119, 1978.
(9) (@) Langen, R.; Colon, J. L.; Casimiro, D. R.; Karpishin, T. B.;
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Site-to-Site Electron Transfer in ntrPhe-Streptins

tunneling pathway model has been successfully applied to

several protein systems carrying metal complé&es!112

J. Am. Chem. Soc., Vol. 120, No. 30, 199521

Preparation of mMRNA That Encodes a Streptavidin Carrying a
T7 Tag at the N-Terminal and a Hiss Tag at the C-Terminal. A

For the study of the distance dependence of ET, the donorsSynthetic gene for streptavidin was purchased from R&D Systems

and acceptors must be placed at a variety of sites in the same®
protein, and for this purpose, the technique of site-directed
incorporation of nonnatural amino acids will play an essential

role. Incorporation of bipyridylalanine into cytochrorméhas
been reported by Gray and Imperiélihrough a semisynthetic
mutation. This technique is effective for incorporating a

urope, and a PCR mutagenesis was performed to replace, for example,
TAT(Tyr83) by the 4-base codon CGGG. A plasmid (pGSH) was
designed to contain a sequence of T7 promoter, a T7 tag, a streptavidin
including a single CGGG 4-base codon, adi&gy, and a T7 terminator.
The mRNA was synthesized vitro by T7 RNA polymerase.

The mRNAs were designed to find stop codons if the CGGG 4-base
codons were not translated by the frame-shift suppressor ¢aMAP"e

nonnatural amino acid at a particular position where the protein This is exemplified in the following sequence: -CGEBE&GUA-
is chemically or enzymatically cleaved, but it is not a general AAU®-. If the CGGG 4-base codon was translated by the suppressor
method for placing a variety of chromophores at a number of tRNAcccd™™™ the protein synthesis continues to the end. However,

different sites.
In this study, we have incorporated a singip-nitrophenyl-

alanine (ntrPhe) into streptavidin at 22 different sites (22nd,
25th, 43rd, 44th, 49th, 51st, 52nd, 54th, 65th, 79th, 80th, 83rd,
84th, 85th, 87th, 92nd, 101st, 108th, 114th, 117th, 120th, and
124th). Also, a pyrenyl group was introduced to the protein

by linking L-1-pyrenylalanin& to biotin (Bi—Py, structure I).
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Biotin has been known to bind to streptavidin with an association

constant on the order of ¥0M~1. In this way, we have
incorporated a pyrenyl group (Pp-nitrophenyl group (T) pair
into streptavidin with a variety of PT distances and orienta-
tions.

A variety of model helical polypeptides that carry the P

if the first three bases of the CGGG codon were translated by the
endogenous tRN&E"9, a termination codon UAA appears after a GCG
codon. As a result, the full-length streptavidin is produced only if the
CGGG codon is successfully translated to ntrPhe. Similar tricks have
been installed in the total MRNA sequence that is available in the
Supporting Information.

Detection and Binding Ability of Mutant Streptavidins. In vitro
protein synthesis was performed wiEscherichia coliS30 lysates
(Promega). For analytical experiments, al2quantity of S30 lysates
was used for each batch (1Q). The reaction mixture was subjected
to SDS-PAGE, and Western blot analysis was performed using anti-
T7 tag antibody (Novagen) and alkaline phosphatase-labeled anti-mouse
IgG (Promega). The binding ability of the mutant streptavidins against
biotin was examined by dot blot analysis of the reaction mixture using
a biotin-linked alkaline phosphatase (Zymed).

For fluorescence studies, a large-scale production of mutant strepta-
vidin was carried out using 20L of S30 lysates for each batch (100

uL). The reaction mixture was put onto a Ni-NTA column (30 of

the agarose gel, QIAGEN). Since only the full-length mutant proteins
that contain ntrPhe carry the C-terminal ligg, the Ni-NTA column
selectively binds the full-length mutants. After the column was washed
with a 50 mM imidazole solution (10 mL) to remove impurity
components, the protein was eluted by washing the column with a 500
mM imidazole solution (10xL). To avoid adsorption of the proteins

to the cell wall, 0.01% poly(ethylene glycol) was added to the eluent.

pair have been synthesized, and in these polypeptides, P works Pyrenylalanine-Linked Biotin (Bi —Py). Biotinyl L-1-pyrenylala-

as a photosensitizer and T as an electron accéptdrhe
photoinduced ET on the PT pair in streptavidin has the

nine was synthesized as described previotfsifhe concentration of
Bi—Py was determined from absorption spectrum by usiag= 3.7
x 10* M~t cmt in PBS buffer (50 mM sodium phosphate, 300 mM

following characteristic features as compared with those of other

sensitizer-acceptor pairs that have been studied in proteins so

. . . e Fluorescence Measurement.Fluorescence spectra were recorded
f_ar._ (1) _The eX_C'ted state of P is a singlet state, and 't_s intrinsic on a Jasco FP777 instrument. The excitation wavelength was 328 nm.
lifetime is rglatlvely short (about 200 ns). (2) Thg excited state The slit width was 1.5 nm for the excitation and 10 nm for the emission.
P* has a higher energy than those of porphyrins and metal the solution of mutant streptavidin containing poly(ethylene glycol)
porphyrins, and the high excited energy may cause possibleas a stabilizing agent and imidazole as an eluting agent was equilibrated
electronic interactions with aromatic side groups in the proteins. with argon gas. It must be noted that since commercial imidazole
(3) The sizes of P and T are relatively small, and this may reduce contained a highly fluorescent impurity it was purified by repeated
the possible ET paths. recrystallization until the background of the fluorescence spectra became
negligible.

A 1078 M Bi—Py solution (1.0 mL) was put into a quartz cell capped
with a rubber septum, and the solution was equilibrated with argon
gas for 20 min. After measuring the fluorescence spectrum ofPgi
a 10ulL aliquot of mutant streptavidin solution was added and the
was prepared as reported beférelhe base sequence of tRNA was  ivire was gently shaken. After the mixture was allowed to stand
designed according to the sequence of yeast tRNAnd a CCCG {4 5 min at 25°C, the fluorescence spectrum was measured again.
anticodon was inserted at t,he anticodon loop. The tRNA that lacks a Thjs cycle was repeated until the fluorescence intensity reached the
CA dinucleotide unit at the'3nd was synthesized from the template 4| yalue. Since the concentration of the mutant in the mother solution
DNA with T7 RNA polymerase. The resulting tRNAcd—CA) was is not known accurately, the fluorescence titration curve was compared
then linked with the above-nitrophenylalanyl pdCpA by T4 RNA  \uith theoretical curves calculated for various concentrations of the
ligase. mutant, for various binding constants against the By molecule, and
for various values of the ET efficiencies. During the fluorescence
measurement, the concentration ofBly was gradually decreased due
to the successive addition of the mutant solution. The dilution effect
was also taken into account in the calculation. The concentration, the
binding constant, and the ET efficiency that gave the least-squares fit
to the experimental curve were employed.

Fluorescence decay curves were measured on a Horiba NAES550
instrument equipped with a hydrogen discharge lamp (pulse wdth

NaCl, pH= 7.0).

Experimental Section

Preparation of tRNAccce™P™. A tRNA that carries a CCCG
anticodon and is charged withpanitrophenylalanine at the' &erminal

(11) Casimiro, D. R.; Wong, L.-L.; Colon, J. L.; Zewert, T. E.; Richards,
J. H,; Chang, I.-J.; Winkler, J. R.; Gray, H. B. Am. Chem. Sod 993
115 1485.

(12) Farver, O.; Skov, L. K.; Young, S.; Bonander, N.; Karlsson, B. G.;
Vaenngard, T.; Pecht, 1. Am. Chem. Sod 997 119 5453.

(13) Wuttke, D. S.; Gray, H. B.; Fisher, S. L.; Imperiali, B.Am. Chem.
Soc 1993 115, 8455.

(14) Kuragaki, M.; Sisido, MBull. Chem. Soc. Jprl997, 70, 261.

(15) Sisido, M.Adv. Photochem1997, 22, 197.
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2.5 ns) and a time-correlated single-photon counting detection system. Mw
The excitation wavelength was 3285 nm. The monomer or excimer x103
emission was selectively taken out by a combination of glass filters. 34 =+

The experimental decay curves were reconvoluted by an iterative least- 2% =t 22 44 51 52 54 65 79 83 84 101108 114117120 124

squares method to obtain the decay constants. 10 [ e, P et o = e A
Prediction of the Positions and Orientations of thep-Nitrophenyl 7 —

Side Groups and Pyrenyl Group in the Mutant Streptavidins. The

positions and orientations of tipenitrophenyl side groups in the mutants MW o

were predicted from molecular mechanics calculations. The X-ray x103 x108

crystallographic structure of streptavidin with a biotin in the binding -

site’® was employed as the starting conformation. The software gg:_'" 49 52 8385 87 120 ST wt 25 43 80 92

(PROCON) used has been developed by one of the authors (M.S.) and ——— | ——

is an extended version of ECEPRo include a variety of nonnatural 19— b

amino acids and a prosthetic group that is bound to the binding®site. 7=t 7

The program reads the original crystallographic data from the protein
data bank and converts the Cartesian coordinates of skeletal atoms tcFigure 1. Results of Western blot analysis on the wild-type and the
the internal coordinates (bond lengths, bond angles, and rotational mutant streptavidins prepared in the $3@itro biosynthesizing system.
angles) for each amino acid unit. Hydrogen atoms were added to the The proteins were visualized with anti-T7 tag antibody combined with
skeletal atoms, the bond lengths and bond angles being taken from thealkaline phosphatase-labeled anti-mouse IgG. The number on the top
ECEPP parametets. The rotational angles of OH, SH, NHand NH*™ of each band indicates the mutation site.

groups were optimized to give a local minimum energy. A cutoff

distancec,, was given in the energy calculations, beyond which no  tha¢ fy|l-length streptavidins are produced in all cases. This
'mle::flsctt'?QewéztﬁkegL'Jnt%f%ﬁ:devrv‘":'soniace d at the X-rav crvstal- indicates that a single ntrPhe unit is correctly incorporated into
! group Y P y cty each protein; otherwise no full-length streptavidin would be

lographic position of the bound biotthand the four rotational angles . -
of the pyrenylalanined (N—C%), 1 (C<—C), 71 (C*—CF), andy, (CF— produced. The yields of mutant streptavidins do not vary greatly

)] were rotated from Dto 360 to find stable orientations. The amide  for all mutants.
bond that links the biotin and pyrenylalanine was assumed to take a  The binding abilities of the mutant streptavidins were checked
planar trans formd¢ = 180). by dot blotting of thein zitro reaction mixture, using biotin-

The biotin moiety of the Bi-Py molecule was placed at the biotin  |abeled alkaline phosphatase as the marker. The results are
binding sit_e, and the pyrenylalanine u_nit was se_t to the m(_)s_t stable shown in Figure 2. Although the yields of the mutant
conformation. Then, one of the amino acids in streptavidin was streptavidins were about the same, the blotting colors for the

replaced by a ntrPhe unit, and a side-chain energy contour map of the_ _ . . P -
ntrPhe was drawn by varying, (C*—CF) andy, (Cf—C). Starting V%T;.ct).us rSUtantj dlﬁetrh markg?ly, Indflcg;flng ttrl]:’ar;[ the .?Indlgg
from the energy minimum in the contour map, energy minimization 2P!'IE€S depend on the positions of the nirene units. ~or
was performed by varying the side-chain angles of the ntrPhe unit and €X@mple, the ntrPhe43, ntrPhe54, ntrPhe84, and ntrPhel20

those of the neighboring units whose side chains had an atom locatedMutants seem to keep the original binding ability, whereas the
closer tharr, to one of the side-chain atoms of the ntrPhe unit. The ntrPhe44, ntrPhe49, and ntrPhe87 mutants show little binding
main chain was fixed to the original crystallographic structure; otherwise ability. It must be noted here that since the dot blot analysis is
the protein will eventually become unfolded. If the pyrenylalanine unit carried out under a very dilute condition of the biotin-labeled
of the Bi—Py was also close to the ntrPhe unit, the rotational angles of enzyme, even a trace of the color may show moderately strong
pyrenylalanine ¢, v, y1, andy.) were also varied. Streptavidin is  pinding against the biotin derivative.

known to exist as a tetramer in solution. If the ntrPhe unit was close Th tant streptavidins that sh d Il bindi
to some amino acids on another subunit of the tetramer, the side chains € mutant streptavidins that showed even a small binding

of the latter amino acids were also taken into consideration in the energy &Ctivity in the dot blot were prepared on a 100 scale of the
calculations. S30 lysates and were purified with an Ni-NTA affinity column.

The conformations were illustrated by using a personal computer The purity of the mutant streptavidin was checked by SDS-
version of NAMOD?® From the coordinates of the minimum-energy PAGE. The result is exemplified for the ntrPhe22, ntrPhe51,
conformation, the closest aromatic carb@yomatic carbon distance  ntrPhe52, ntrPhe54, ntrPhe79, and ntrPhe83 mutants in Figure
was obtained and used as the edge-to-edge distagicetween the P 3. The purification procedure using the His6/Ni-NTA system
and T groups. is good enough for the following experiments.

Fluorescence Behavior of Biotin-Linked Pyrenylalanine
That Is Bound to a Tetramer of Native and Wild-Type

Yields of Mutant Streptavidins and Their Binding Abili- Streptavidin. Before discussing photoinduced electron transfer,
ties against Biotin. The yields of the mutant streptavidins were  the photophysical property of biotin-linked pyrenylalanine<{Bi
checked by Western blot analysis using alkaline phosphatase-Py) that is bound to a tetramer of wild-type or native streptavidin
linked anti-T7 antibody after SDS-PAGE analysis of theitro was studied. The wild-type streptavidin is a protein that was
reaction mixture. The results for a variety of mutants that prepared through vitro synthesis without mutation and has a
contain a single ntrPhe unit at different sites are shown in Figure T7 tag at the N-terminal and a Hitag at the C-terminal. Figure
1. 4a shows the fluorescence spectra of 881 Bi—Py in the

The number of amino acids and the molecular weight of the presence of different amounts of the wild-type streptavidin. The
streptavidin including the T7 tag and the kitag are 180 and  pyrenyl fluorescence decreased with the addition of streptavidin,
19 000 respectively. The Western blots in Figure 1 indicates and the decrease stopped after almost aMBi molecules were

(16) Weber, P. C.; Ohlendorf, D. H.; Wendoloski, J. J.; Salemme, F. R. bOl',md, to the streptavidin.  With the decrease of monomer
Sciencel989 243 85. emission, a small and broad fluorescence band appeared around

(17) Momany, F. A.; McGuire, R. F.; Burgess, A. W.; Scheraga, H. A. 500 nm. Similar behavior was observed when native strepta-
J. ?1h8y)3('a?§$09,7§/|;%pzt??:lr{emlggz 26, 105, (b) Sisido, M.; Beppu, \idin was used. When further Ina_ltive s_treptavi(.jin was added
Y. Japan Chemistry Program Exchange (JCRE). P057. to the solution to give a protein:BPy ratio of 16:1, the 500-

(19) Beppu, Y.Comput. Chem1989 13, 101. nm emission decreased again and the intensity of monomer

Results and Discussion
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Figure 2. Results of dot blot analysis for the wild-type and the mutant streptavidins. The binding abilities are visualized with a biotin-labeled
alkaline phosphatase. No mutant is formed in the absence of ¢BMN&""¢ The wild-type streptavidin was obtained in the absence of the tRNA.

tetrameric form of the streptavidins. The excimer fluorescence
MW
3 markedly decreased when the temperature was loweretiGo 5
x10 indicating that the excimer is formed after thermal fluctuations
97.4 . — in the tetrameric protein and the fluctuations in the-Biy

L -l molecules inside the biding sites.
66.2 = E- f.E“-r- !‘i— A —'F i The orientation of the pyrenyl group in the tetramer was
45.0 = L ' investigated through conformational energy calculations by
rotating the N-C* (¢), C*—C' (y), C*—C? (x1), and G—C»
31.0 = — (Xg) bonpls of the pyrenylalaning unit. Two possible Iow-e.n('argy
orientations were found. Starting from these two local minima,
22 51 52 54 79 83 energy minimizations were carried out by varying the rotational
PABGIE L T P p—_——— Y angles of the pyrenylalanine unit as well as those of the side
chains of the protein. The minimum energy orientations with
the optimized side-chain orientations of the protein were found

14 4—L- at ¢, v, y1, y2 = 136, 149, 164, 77 (type M) and 136,
142, 165, 215 (type E). The two orientations differ only in
the rotational angle of,, by 138. In the type M orientation,
the center-to-center distance between the closest pyrenyl groups
in the tetramer was 13.3 A and the edge-to-edge distance was
Figure 3. Results of SDS-PAGE analysis for purified mutants through 8 7 A These distances are too far to form excimers even after
a_His«/Ni-NTA affinity column. The proteins were visualized with silver large thermal fluctuations. In the type E orientation, the closest
nitrate. pyrenyl groups are separated by a center-to-center distance of

3x103 10.2 A and by an edge-to-edge distance of 1.9 A. These
(a) wt (b) ntrPhe84 distances are short enough to form excimers after small thermal
motions of the pyrenyl groups. The conformational energy of
the type E orientation was higher than that of the type M
orientation by 21 kcal mol. The tetramer conformation with
Bi—Py molecules in the type E orientation is illustrated in Figure
5. The two pyrenyl groups are very close to each other but are
arranged in the head-to-head configuration, which is not
appropriate to form normal sandwich-type excimers.

In the fluorescence spectra of Figure 4a, the intensity of the
excimer fluorescence is very small compared with the large

2x103

1X103

Fluorescence Intensity

x10 decrease of monomer fluorescence, suggesting that the two
pyrenyl groups easily come close to each other but do not form
normal sandwich-type excimers. The spectroscopic finding is
consistent with the tetrameric conformation in Figure 5.
0 oy Therefore, we assume that the I in the type E
350 550 , pyrenyl groups are in the type
orientation, although a somewhat higher conformational energy
Wavelength (nm) has been predicted. The higher energy may be compensated
Figure 4. Fluorescence spectra of BPy in the presence of different  OF» at least partly, by taking the flexibility of the main-chain
amounts of wild-type streptavidin (a) or ntrPhe84 mutant (b)-[By] conformation into account.
=1 x 108 M, Lex = 328 nm, 25°C, under an argon atmosphere. The Fluorescence rise and decay curves were measured for the
excimer band (458600 nm) is magnified 19. monomer and excimer emission in the presence of an equal

molar amount of native streptavidin. The monomer decay curve
fluorescence recovered up to 90% of the original value. The could be fitted to a three-component exponential function with
recovery of monomer fluorescence under an excess of streptac; = 8.0 (0.024)7, = 40.4 (0.272), and; = 114.4 (0.703) [ns
vidin indicates that the 500-nm emission originates from a (weighting factor)] ¢? = 1.09). The excimer curve was
pyrenykpyrenyl interaction on the tetramer that is most analyzed withr; = 8.1 (—0.028),7, = 67.9 (0.647), and3; =
effective when the protein:BiPy ratio is 1:1. Therefore, the  98.1 (0.357) ¥2 = 1.12). The rise component of the excimer
broad emission is assigned to excimers that are formed in thewith 7; = 8.1 indicates that the excimer is formed through
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Figure 6. Relative fluorescence intensity of 10M Bi—Py in the
presence of different amounts of wild-type streptavidin (solid squares),
Figure 5. The tetramer conformation of native streptavidin with four ntrPhe83 (open circles), ntrPhe65 (open triangles), ntrPhe84 (open
Bi—Py molecules in the binding sites of biotin. The biotin group of squares), and ntrPhe124 (solid circles) mutahgs = 397 nm,Aex =
the Bi—Py is fixed to the X-ray crystallographic position of biotin and 328 nm, 25°C, under an argon atmosphere. Solid lines are the best-fit

the pyrenylalanine unit is in the type E orientatian(C'—N), ¢ (N— curves obtained by varying the concentration of the mother solution of
C9), y (C*—C), y1 (C*—CF), 2 (CF—C") = 180, 136, 149, 1657, each protein, the binding constant against the By molecule, and
and 218, respectively. the ET efficiency.

thermal fluctuations of the tetrameric protein and the rotational the binding is more or less blocked by the incorporation of the
motion of the pyrenylalanine unit to attain the emissive excimer ntrPhe unit. The binding constants for the all mutants are listed
conformation starting from the type E conformation in Figure N Table 1.

5. However, since the weighting factor of the rise component The Bi—Py molecule that had been bound to the mutant

is much smaller than that of the decay component, the presence;ggggav,:g'ntiévasorlﬁfgsw'\:Ai’ hjrld}mgh%)\(/(\;ssfhg t;':;':\/vevfs of
of a preformed excimer is also indicated. : 9 y

) ST ) fluorescence intensity of BiPy after the addition of the excess
Fluorescence Quenching of Biotin-Linked Pyrenylalanine  amount of biotin to the solution of protein:BPy ~ 2:1. The
by Mutant Streptavidins Carrying Single p-Nitrophenyla- recovery was very fast for the ntrPhe92 mutant and moderately
lanine. The fluorescence spectra of-BPy in the presence of  fast for the ntrPhe84. The recovery was much slower for the
different amounts of the mutant streptavidin carrying single ntrPhe65, ntrPhe83, and wild-type streptavidins. The recovery
ntrPhe at the 84th site are shown in Figure 4b. The decreasewas found to follow first-order kinetics, and the first-order rate
of monomer fluorescence with the addition of the mutant is more constantd are listed in Table 1.
marked, and the final fluorescence intensity is much smaller  The release of the BiPy molecule by the addition of biotin
than those observed with the wild-type streptavidin. The indicates that the BiPy molecule is bound to the biotin binding
behavior in the presence of the ntrPhe84 mutant is attributed tosite and competes with the biotin that was added. Judging from
a photoinduced electron transfer from the excited P group to the slow recovery that is on the order of seconds or longer, we
the T group, as has been studied in model polypeptide systemgnay assume that the BPy molecule is staying in the binding
that contain the PT pairl® site during the ET process that occurs within a few 10

The fluorescence intensities are plotted against the protein; "anoseconds or shorter. .
Bi—Py ratio for the wild-type, ntrPhe65, ntrPhe83, ntrPheg4, _ Rates of Photoinduced Electron Transfer in Mutant
and ntrPhe124 streptavidins in Figure 6. Since concentrationsSFlrgptaV'd'”Z' :rom the final f_Iuor_eslggnce gterr:snufef_s of the
of the proteins are not known accurately, a least-squares analysié’" lld-type an* the mutant proteins in Figure 6, the efficiencies
was made for the experimental points. In the Ieast-squaresOf ET from.P' to T.CEET) were C?‘!C“'a‘e" and are listed in Table
analysis, the concentration of the mother solution of each mutant,l' _The efficiency is very sensitive to the position of the ntrPh_e
the binding constant of the mutant against the-By molecule unit. Illzor exam;i]le, the ifflm;anc;;] for thi ntrPhes3 mutantol/s
. - ) o i r r ntrPhe84 mutant i .
and the ET efficiency were optimized to find the best fit to the virtually zero, whereas that for the ntrPhed utant is 89%

. | poi Th . | points in Fi 6 The marked sensitivity to the position of the ntrPhe group
experlment_a points. € experimental points in ~Igure © aré i, jicates that the ET rate depends very sharply on distance and
plotted against the best-fit values of the concentrations, and the

S i . that the fluctuations of the main chain and the side chains are
solid lines are the calculated curves using the best-fit values of

- S not so significant as to average out the difference in the positions
the binding constants and the ET efficiencies. of the ntrPhe83 and ntrPhe84 units.

The binding constants for the ntrPhe83 and ntrPhe84 mutants The positions and orientations of the ntrPhe units on mutant
are roughly the same as that of the wild-type proté&r~( 10t streptavidins that are binding a-BPy molecule in their biotin
M~1), but those of the ntrPhe65 and ntrPhel24 mutants werebinding site were predicted from molecular mechanics calcula-
4.8 x 10% and 1.7x 10'° M~1, respectively, indicating that  tions. The starting conformation was taken from the X-ray
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Table 1. Binding Constant against BiPy (K, M~1), the First-Order Release Rate Constant of By (Ko, S %), the Edge-to-edge Distance
between P and T Groups in the Optimized Structuge A), the Efficiency of Electron TransfeiEgy), the Rate Constant of Electron Transfer
Evaluated from Fluorescence Intensikg( s™%), and That from Average Fluorescence Decay Tiksg, (S1), the Equwalenb Distance along

the Optimum ET Pathwayo((opt), A), and the Equivalent Distance for the Sum of the Possible ET Pathwaxgsum), A

mutation site K (MY Kot (57Y) Fee (A) Eer ket inten (s?) kerdecay (s1) oL (opt) (&) oL (sum) (A)
22 >101 <10°° 20.9 <0.1 <1x 10° 40.2 33.6
25 >10% 7.4x10°° 12.4 0.72 3.8x 10’ 32.7 24.4
51 6.9x 10w <105 14.8 <0.1 1.8x 10° 29.6 21.7
52 >10% 1.1x 10°° 18.1 <0.1 <1x 10° 33.8 26.3
54 >101 3.7x 10 11.3 0.74 3.8 10’ 4.3 x 107 34.7 21.7
65 4.8x 10%0 <10°° 38.1 0.63 2.6x 107 41.0 41.0
9.3(4th)
80 4.3x 10 <10°° 13.1 <0.1 <1x 10° 28.2 19.7
83 >101 <10°° 16.8 <0.1 <1x 10 1.8x 1C° 34.6 29.0
84 >101 1.0x 10 9.1 0.89 1.1x 10° 30.5 28.6
92 1.1x 10t 45x 108 13.1 0.25 5.8« 10° 7.8x 10° 30.7 23.1
101 7.0x 101 <10°° 28.7 <0.1 <1x 108 83.5 74.6
24.3(4th)
117 >101 1.0x 10°° 12.3 0.76 4.7 107 39.6 37.0
10.6(3rd)
120 6.6x 10° 1.9x10* 9.9 0.90 1.3x 10° 21.1 21.1
5.9(3rd)
124 1.7x 10% 3.0x 10°° 4.7 0.95 2.6x 10° 14.2 14.1
w.t. >10% <10°°
1.0
L ntrPhe9?2
>
s 087
o
2 5
S +Biotin
b
(]
S 06f 1
Q
2 . |
&
2 04} ntrPhe83 /
L
% j ntrPhe84 i
< 02t :
~, / ntrPhe65
0 T S SR
0 2x103 4x103 6x103
Time (s)

Figure 7. Recovery of fluorescence intensity of 0V Bi—Py after
adding 18-fold excess of biotin to each mixture of protein:Bry ~
2:1.

crystallographic structure of native streptavidin with a biotin
in its binding site!®* The energy minimization was made by
varying only the side groups of the ntrPhe unit and of the
neighboring amino acids that are located within= 8 A from U
the ntrPhe unit. The computer-predicted orientations of the
ntrPhe units at the 14 different sites are illustrated in Figure 8,
together with the B Py molecule in the type E orientatiog; side-chain angles of the ntrPhe unit and those of the neighboring amino
Y, x1, andy, = 136, 149, 165, and 2135, respectively. It 4cigs that are located withing = 8 A from the ntrPhe unit. If the
must be noted that the orientation of the P group differs slightly Bi—py molecule is also closer than 8 A, the orientation of pyrenyla-
with the positions and orientations of the ntrPhe unit. The lanine is also optimized for each mutant. In this figure the pyrenyla-
orientation shown in Figure 8 is that for the wild-type protein lanine unit is set to the type E orientation in the native streptavidin.
and does not correspond accurately to th€TRlistances that
will be discussed below.

Figure 8. Computer-predicted orientation of nitrophenyl group in the
mutants. Orientation of each ntrPhe unit is optimized by varying the

ntrPhe unit at the two sites. As shown in Figure 8, the ntrPhe83

The difference of ET efficiencies for different mutants may unit is oriented in the opposite direction to that of the P group
be interpreted simply in terms of the difference of the edge- (ree= 16.8 A), due mainly to the constraints of the main-chain
to-edge distances between the P and T groups. For examplegconformation and a steric repulsion with Glu51. On the other
the very different efficiencies of the ntrPhe83 and ntrPhe84 hand, the ntrPhe84 unit is oriented toward the P group=
mutants may be explained in terms of the orientation of the 9.1 A) due to the main-chain constraints.
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Figure 9. Rate constants of electron transfer from the pyrenyl group
of the Bi—Py molecule to the nitrophenyl group at several different Figure 10. Fluorescence decay curves of the-By molecule in the
sites evaluated from the quenching of fluorescence intensity (solid presence of an equal amount of wild-type streptavidin or the ntrPhe
circles) or from the average fluorescence lifetime (open circles). The mutant. Due to the small fluorescence intensity, the original decay
abscissa is the closest edge-to-edge distance between the pyrenyl andurves contained a large scattering component in the early stage. The
nitrophenyl groups in the optimized tetramer conformation of each contribution of this component was evaluated by the least-squares
mutant. The points with downward arrows indicate that the ET rate analysis and has been subtracted from the original decay curves.
was lower than 1% s™. The points with upward arrows indicate that
the ET rate may be underestimated due to a lower binding constantdifferences between the fluorescence intensities for the wild-
against Bi-Py. type streptavidin and the mutants become very small when the
ET rate constant becomes very small, the rate constant could
The ET to ntrPhe65 was mOderately efficient (630/0), but the be evaluated On|y down to the order ot 0. The points for
latter is far separated from the P groupe(= 38.1 A) onthe  the ntrPhe22, ntrPhe51, ntrPhe52, ntrPhe80, ntrPhe83 (solid
same subunit. The question may be solved by taking the circle), and ntrPhe101 mutants in Figure 9 show only that they
tetramer structure into consideration. The ntrPhe65 unit in the gre |ess than £~ L.
fourth subunit was found to be close to the P group in the first  Alternatively, the ET rate constants can be obtained from the
unit (ree= 9.3 A), shown as ntrPhe65(4) in Figure 8. Judging decay kinetics. Since the fluorescence intensity was very weak
from these facts, we have confirmed that the ntrPhe units aredue to low concentrations of the mutant proteins on the order
COI’reCt'y inCOI’pOFatEd into the rlght pOSitionS in the three- of 10°8 M, the decay curve could be measured 0n|y for the
dimensional structure of streptavidin and that the ET efficiencies mutants that show low ET efficiencies. The decay curves after
are determined by the distances in the tetrameric proteins. TheSubtracting a |arge Scattering component are shown in Figure
closest edge-to-edge distance between the aromatic carbons ing for the wild-type and the ntrPhe83, ntrPhe92, and ntrPhe54
the pyrenyl and the nitrophenyl group are listed in Table 1. mutants. Since the subtraction was not perfect, the decay curves
The ET rate constanker may be obtained from the ET  contain some uncertainty during the early stage. The decay
efficiency Eer and the average lifetime of P* bound to the wild-  curves did not follow single-exponential kinetics, but a major
type streptavidin [§Ld): decay component of the ntrPhe92 mutant was found to have a
decay time of 23 ns and that of the ntrPhe54 mutant was 8.7

— Gt Eer |M(W"d'type)_ 1l a ns. The average decay tima$iwere calculated for the three
ker = (3[4 _(1 — Eqy) - l,(mutant) (1) mutants, and the ET rate constants were obtained from eq 2.
_ 1 -1
where ly(wild-type) andly(mutant) are the intensities of the ker = 00" — 24 2)

monomer fluorescence of the pyrenyl group in the presence of o
the wild-type and mutant streptavidins, respectively. The  The rate constants from the decay kinetics were also plotted

fluorescence decay of the monomer fluorescence P* in the N Figure 9 as open circles. The rate constants from the
presence of an equal molar amount of the wild-type streptavidin fluorescence intensities and from the decay times show reason-

followed two-component kinetics witl, = 27 ns (weight= able agreement with each other for the ntrPhe54 and ntrPhe92
0.163) andr, = 108 ns (0.837), and the average lifetirii mutants, indicating that the ET observed in the present system
was 72.1 n&o is primarily a dynamic process in which an electron jumps from

The rate constants were calculated from the fluorescence@n excited P groupota T group that are spatially separated by
intensities, and their logarithms were plotted against the closestthe protein framework. _ S
edge_to_edge dlstances between the P and T groups (F|gure 8’ The deV|at|0n from the exponen“al decay klnetICS |ndlcates
Table 1). The results are shown in Figure 9. Since the thatthe P and T groups are not fixed on single positions and
their edge-to-edge distances are distributed over some range.

(20) Since the amount of the wild-type streptavidin is on the order of Since the rate constants that can be measured in thel P*
1078 M and the decay curve contained a large scattering component in the BO10P 5L
early stage of the decay, the fast decay component due to excimer formationSyStem are on the order of 3010° s, some of the modes of

that was observed for the native streptavidin could not be detected. the polypeptide fluctuations including intersubunit motions may
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be slower than the ET process. This may be the reason for the T T
nonexponential decay of the fluorescence intensity. 12
The rate constants for the ntrPhel24, ntrPhel120, ntrPhe65,
and ntrPhe80 mutants seem to be smaller than the values 10
expected from other points. As shown in Table 1, these mutants
show smaller binding constants against the By molecule than e 8
the wild-type streptavidin¥10'* M~1). The smaller binding AP
constant may cause incomplete binding of the-By molecule o0 6
and results in smaller excimer quenching. Therefore, the i)
observed ET rate constants of the four mutants are showing 4
the lower limit. From the rest of the data points, the distance
dependence &=t may be roughly expressed by the exponential 2
function keto exp[—A(ree — 3)] with kero = 6.5 x 10° (s79)
andg = 0.63 (A D).

Distance Dependence of Electron Transfer in Streptavi-
dins. The distance dependence of the ET rate constants in
various proteins has been discussed extensiéfy.So far,
however, only a few systematic studies have been reported in
which a sensitizeracceptor pair is distributed over a wide

Figure 11. The ET rate constants in the present system (solid circles),

. . . in other protein systems excluding photoreaction centers (open circles,
variety of sites in the same protélnin the present ET system, ref 10), and in photoreaction centers (open squares, ref 7) plotted against

the T group as an acceptor is d|§trlbuted at a variety of sites in the edge-to-edge distance. The dashed lines indicate the exponential
streptavidin, which allows us to discuss the distance dependencgjecay function with3 = 1.4 (photoreaction centers), 0.63 (present
of ET in a single protein. system), and 0.66 (other protein systems), respectively.

The distance dependence is most simply discussed under
conditions where the ET is optimized for its FraragRondon extrapolated to the closest contagtE 3 A) is much less than
factor. TheAG values for the P=T pairs in mutant strepta-  the value expected for the optimized Frantkondon factor
vidins are, however, very difficult to measure experimentally. (keto= 10"¥s7%). This discrepancy indicates that the distance
If we assume the effective dielectric constant in the protein dependence in Figures 9 and 11 must be reexamined on the
environment to be between 7.6 (THF) and 36.7 (DMF) and use basis of a more sophisticated theory that takes the detailed
the oxidation potential of the P group in DMF (1.20 V vs SEE)  molecular structure of protein into account.
and the reduction potential of the T group in DMF1.10 V Analysis of the ET Rates on the Basis of the Tunneling
vs SCE)22 the driving force is roughly estimated to be between Pathway Model. The tunneling pathway model for ET in
0.7 and 1.1 eV. In the above calculation, the Coulombic term proteins has been proposed by Beratan ét ahd it has been
(eX/4rere) has been neglected because it is smaller than 0.1 successfully applied to several protein systénia.this model,
eV when the center-to-center+¥ distance is larger than 5 A.  the matrix element of the protein-mediated electronic coupling
Since the above range of th&G is near the reorganization i calculated as the product of the successive coupling terms
energy in proteindwe assume that the ET in the PT system  along an ET pathway:
in streptavidin is nearly optimized for the Frane€ondon . .
factor. Indeed, in a separate experiment in which a variety of Hoa = Hiec(ITes()Ten(K) ©)
electron acceptors were linked to biotin and an anthryl group
was introduced into a specific site of streptavidin, the rate of
photoinduced ET from the excited anthryl group to the acceptors
reached near maximum wherpanitrophenyl group was used .
as the accept®® Since the oxidation potential and the 9iven below:

whereec(i), €s(j), andey(K) are the coupling terms for ET along
theith o-bond, for thejth through-space jump, and for thth
through-hydrogen bond jump, respectively. They are explicitly

excitation energy of the anthryl group are about the same as . =06 (4)
those of the pyrenyl group, the above preliminary results indicate ¢ '

that the ET from P* to T in streptavidin is also nearly optimized N - _

for the Franck-Condon factor. The above consideration ensures €g(i) = 0.5 exp[-1.7(R — 1.4)] (5)

that the distance dependencekefin Figure 9 can be compared 2
directly with other data that have been normalized for their éu(k) = ec” exp[~1.7R, — 2.8)] (6)
Franck-Condon factor.

The ET rate constants are replotted together with those for
other protein systems excluding photoreaction centers in Figure
11. Very roughly speaking, the present rate constants (solid
circles) are a little larger than those for other proteins but smaller _
than those for the photoreaction centers. Phealue taken Hpa (total) = Z' Hoa(l) ()
from the present data (0.63) is in reasonable agreement with
the averagep value (0.66) for the protein systems excluding
photoreaction centefs However, in both cases, the rate constant

The distances are in angstroms. If there are several pathways
that have comparabldpa values, those must be summed up to
obtain total matrix elements:

In the present case, the tunneling pathways were searched
on each mutant with a bound BPy molecule. The positions
of the pyrenyl group, polypeptide chains, and pheitrophenyl
(21) Baggott, J. E.; Philling, M. J. Chem. Soc., Faraday Trans1983 group were taken from the computer-predicted conformation
79, 221. o , (Figure 8). In the calculation, the contribution of the polypeptide
(22) Personal communication from Professor Masashi Okada, Departmentchains that belong to other subunits is also taken into consid-
of Chemistry, Faculty of Engineering Science, Osaka University, Osaka, . . . .
Japan. eration. Since the BtPy molecule is noncovalently bound to

(23) Murakami, H.; Hohsaka, T.; Ashizuka, Y.; Sisido, M. In preparation. the protein, no direct through-bond pathway is possible and, as
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Figure 12. Major ET pathways found for ntrPhe54treptavidin bound
with a Bi—Py molecule.

Figure 13. Optimum ET pathways from the pyrenyl group to the

p-nitrophenyl groups at the 51st, 52nd, 54th, 83rd, and 92nd positions.

Murakami et al.
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Figure 14. The observed ET rate constants in the nteP$teeptavidins
plotted against the equivalentdistances for the sum of the possible
ET pathways.
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Figure 15. The ET pathways from the pyrenyl group of the-Bly
molecule to thep-nitrophenyl group at the 65th position of the fourth
subunit, the 84th position of the first subunit, the 117th position of the
third subunit, and the 120th position of the third subunit.

equivalent donotacceptoro distanceo, that gives the same
Hpa(total) value.

o, =1.4n 9)
The g, distances for the optimum ET pathway and those for

the sum of the possible pathways are listed in Table 1. The
observed ET rates were plotted againstdhelistance for the

the result, a number of pathways that show comparable couplingSUm of the possible path\(vays in Figure 14. The solid3 line
matrix elements were found for each mutant. As a typical represents the expected distance dependencekwsish= 10*

example, some of major pathways are illustrated for the 54th stato

mutant in Figure 12. The optimum pathways for the 51st, 52nd,
54th, 83rd, and 92nd mutants are shown in Figure 13.

The coupling matrix elementdpa(l) for different pathways
were summed, and the total matrix eleméiga(total) was
obtainec® The total coupling matrix element may be expressed
in terms of a nonintegral numbem)(of ¢ bonds that gives the
sameHpa(total) value:

Hp (total) = (¢0)" = (0.6)' 8)

If one takes 1.4 A as the standard bond length forksond,
the equivalent number of bonds may be converted to an

(24) Mataga, N.; Kubota, TMolecular Interactions and Electronic
Spectra Marcel Dekker: New York, 1970; Chapter 1.

=3 Aandg, =0.73 AL

The points for the 65th, 117th, and 84th mutants are largely
deviated from the expected distance dependence. To find the
reason for this discrepancy, the optimum ET pathways for the
three mutants are illustrated in Figure 15. In the cases of the
65th and 117th mutants, the pyrenyl group and the nitrophenyl
group on the fourth and third subunits, respectively, are
separated by a wide space. In these cases the fast ET observed
experimentally may be explained either in terms of the thermal
fluctuations of the fourth and third subunits with respect to the
first subunit or in terms of the ET through electronic states of
solvent molecules that are present in the intervening spaces. In
the case of the 84th mutant, the through-bond ET is possible
only through a long detour of the polypeptide chain. The ET
accompanied by the fluctuations of the polypeptide chain or
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the ET through solvent molecules may explain the faster rate the p-nitrophenyl group. The analysis of the ET rates on the

than expected. The thermal fluctuations have been suggestedasis of the tunneling pathway model indicated that the ETs
from the nonexponential fluorescence decay curves as discusseécross different subunits or those through a long detour of
above. For other mutants in which the ET may be mediated polypeptide chain are faster than the rates expected for direct
through the polypeptide chain and the biotin molecule, the through-space ET.

deviation from the expected dependence is smaller.

It is therefore concluded that the ET rates for the singlet Acknowledgment. We thank professor Shigeyuki Yokoya-
excited pyrenyl group to g-nitrophenyl group in streptavidin . University of Tokyo, for introducing to us the technique
are compatible with those of other proteins carrying metal ¢ itro hiosynthesis. This research has been conducted with
complexes, except for the cases where ET occurs through alonga Grant-in-Aid for Scientific Research from the Ministry of

space. Education, Science, Sports, and Culture (06403034).

Conclusion . . .
Supporting Information Available: The total sequences of

It is concluded from this study that a single ntrPhe unit is - p\As that encode various mutants of streptavidin (1 page, print/

isr%ccesswll)r/] mcg&porriat:td tlimr? spftcnflcit;?osﬁlorr]lsl ofrstrepttz;;]vutjln. PDF). See any current masthead page for ordering information
e positions and orientations of thenitrophenyl groups tha and Web access instructions.

were predicted from the molecular mechanics calculations were
consistent with the ET rates from the excited pyrenyl group to JA971890U



