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Abstract: Structural change of plastocyanin (PC) due to the interaction with lysine peptides (Lysptd’s) has
been studied by absorption, resonance Raman, and electrochemical measurements and by measuring the electron
transfer between PC and cytochrom&yt c) in the presence of Lysptd. Absorption spectral changes which
were observed when Lysptd’s up to penta-lysine were added to PC solution have been ascribed by resonance
Raman studies to the change in the active site- €steine geometry upon binding of Lysptd to the PC negative
patch. The same spectral changes were observed for theyRCinteraction. Electrochemical measurements
showed that the redox potential of PC increases upon Lysptd binding, suggesting that Lysptd’s induce a structural
change in PC through the copper ligating cysteine residue to make the copper site adapted for facile electron
transfer. Lysptd’'s competitively inhibited the electron transfer from reduced ¢gtoxidized PC, which
indicated that they function as models of the PC interacting site of proteins. The effects of Lysptd on electron
transfer are explained as competitive inhibition due to neutralization of the PC negative patch by formation of
PCLysptd complexes. The electron-transfer rate from reduced tybxidized PC and the inhibiting effect

of Lysptd decreased upon decreasing the net charge of the negative patch by mutation. The structural change
of PC was also found to decrease significantly with these mutants. The present observations strongly support
that the PC negative patch is the dominantd@§imolecular recognition site and open up the possibility that
charged peptides can be used for studying pretpiotein interactions in a systematic way.

Introduction Although the structurefunction relationship is one of the major
topics in protein researches and it is of fundamental importance
to know the structural change upon proteprotein complex
formation, to our knowledge, there is no detailed study on the
molecular interaction induced structural changes of PC.

PC, cytc, and cytf have many charged residues on their
surfaces. It is well established that PC and €ydr cyt c
recognize each other through electrostatic interactions, and X-ray
crystallographic studies of cgtshowed that basic amino acids
are distributed around its heme ed§e* A recent X-ray
structural determination of chloroplast dyevealed that a lysine
(Lys) residue-rich positive patch exists at a solvent-exposed site,
which has been predicted as the docking site forP@n the

Plastocyanin (PC), a mobile electron-transfer protein existing
in the thylakoid lumen of photosynthetic organisms, is reduced
by cytochromef (cyt f) and oxidized by the reaction center
chlorophyll (P700) in the photosystem | (PSI) compléx3 PC
contains one copper atom with two histidine nitrogen atoms,
one methionine sulfur atom, and one cysteine sulfur atom
coordinated in a distorted tetrahedral geométry.This protein
is classified as a Type 1 copper protein from its spectroscopic
and electronic properties, exhibiting a low-energy ligand-to-
metal charge-transfer (LMCT) band near 600 nm in its absorp-
tion spectrum and having a relatively high redox poteritfal.

:LO Whonb C_OrreS_rtJondence should be addressed. other hand, on the basis of the crystal structures of oxidized
agoya University. 7 ; ;
* Faculty of Science & Technology, Meijo University. and reduced plgnt PC's two highly Consefved.s'tes O.f PC
$ Research Institute, Meijo University. have been considered as molecular recognition sites for its redox
'baraki University. partners, cyf, cyt c, and PSI: One site is located at the Cu-
(1) Sykes, A. G.Struct. Bonding (Berlin)l991 75, 175-224. inati _ i ictidi _adi _
(2) Redinbo, M. R. Yeates, T. O.: Merchant SBioenerg, Biomembr. cooro_llnatlng, solvent accessm_le hlsudlne (Cu-adjacent hydro
1994 26, 49-66. phobic patch), and the other site is located at another solvent-
(3) Gross, E. LPhotosynth. Res1993 37, 103-116. accessible site containing acidic residues near a tyrosine residue
(4) Colman, P. M.; Freeman, H. C.; Guss, J. M.; Murata, M.; Norris, V.
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Cu Table 1. Amino Acid Sequences of the Negative Patch for
(Active Site) Wild-Type and Mutant PC’s

net charge of the

species amino acid sequefce negative patch
wild-type -Asp-Glu-Asp-Glu- -4
M1 -Asn-Glu-Asp-Glu- -3
M2 -Asp-Lys-Asp-Glu- -2
M3 -Asn-Lys-Asp-Glu- -1
M4 -Asp-Lys-Lys-Glu- 0

aUnderlines indicate modified amino acid residues.

intensity of cytf or cyt c on PC binding*=36 Investigations
\ Lysine Peptide on the formation of the PE€cyt c complex by NMR techniques
using the [Cr(NH)g]®" complex have been attempted, but
\ existence of a number of binding sites for [Cr(R§I*" made
Negative Patch the discussion complicatéd3® A recent NMR study on the
Cd-substituted PE€cyt c complex indicated that the P&yt ¢
Plastocyanin complex consists of a highly dynamic ensemble of structtftes.
Tyrosine (Tyr) 83 which is located between the negative patch
and the copper active site has been proposed to be involved in
the electron transfer, since the reaction rate decreased upon
replacement of Tyr with leucin®€. Ullmann and Kosficgecently

(Cu-remote negative patch) (Figure 1). Early studies on electron _demonstrated by molecular dynamics a possibility of a cation-

transfer from reduced PC to [Co(phel3} suggested that both interaction at thegTyr-83 site, which might be important for the
are molecular recognition sites for dyt%17 but computational electron transfet?

analyses based on electrostatic fotéé%and other experimental Positively charged lysine peptides (Lysptd's), which may
studieg®28 have indicated that the Cu-remote negative patch correspond with the cyt/f amino acid residues exposed to the

is the cytc/f molecular recognition site, while the electron solvent, may Iikevyise i.nteract With. the consecutive qspartic acid

transfer is believed to occur through the hydrophobic patch of (Asp) _and glutamic acid (Glu) residues of the negganve_payc_h of

PC19 Recently, Kosfiet al. proposed that PC and ayor cyt PC (Figure 1). As a matter of fact, charge_d _peptldes inhibited
; e . . . the electron transfer from reduced ayto oxidized PC'® To

f bind and react with each other in different configurations ain insights into the structural chanaes Upon proteimtein

resulting from the proteinprotein interaction termed as the g g 9 pon Protpir

. . . interactions and the structuréunction relationship, we per-
gating process for electron transfér32 showing possible P, P

confiaurations for the diorotein complex by computer simula- formed spectroscopic and electrochemical investigations of the
tion 1833 P P y P effects of Lysptd on the PC structure and function by using

o negative patch mutants of PC and Lysptd’'s as models for the

The constants for association between PC and oytcytc PC interacting site of proteins. From the present observations
have been obtained by measuring the increase of the Soret bangp the PG-Lysptd interactions, we propose that electrically
charged peptides may be useful for structural studies on other
electrostatic proteiprotein interactions.

Figure 1. Schematic view of the interaction between PC and tetra-
Lys. Note that poplar PC is depicted but silene and spinach PC have
four consecutive residues at their negative patch.

(16) Chapman, S. K.; Knox, C. V.; Kathirgamanathan, P.; Skyes, A. G.
J. Chem. Soc., Dalton Tran$984 2769-2773.
(17) McGinnis, J.; Sinclair-Day, J. D.; Sykes, A. & Chem. Soc., Dalton
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(18) Roberts, V. A.; Freeman, H. C.; Olson, A. J.; Tainer, J. A.; Getzoff, . . . . .
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163. (34) He, S.; Modi, S.; Bendall, D. S.; Gray, J. EMBO J.199], 10,
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enzymes were confirmed by the absorbance (Abs) ratio between

at 280 and 597 nm (Abgy/Absss; < 1.35). (A)
PC was dissolved in 10 mM phosphate buffer, pH 7.4, or 10 p

mM Tris-HCI buffer, pH 7.3, with a certain amount of Lysptd. (a)

Tetra-Gly and Lysptd’'s= Lys, di-Lys, tri-Lys, tetra-Lys, and °

penta-Lys) (Gly= glycine and Lys= lysine) were purchased 2

from Sigma. Bovine heart cyt purchased from Sigma was | (&)

purified with a CM52 (Whatman) column after reducing it by

adding ascorbic acid dissolved in buffer. Oligopeptides were ©

first dissolved in 10 mM phosphate buffer, pH 7.4, or 10 mM -——-\/\_/“

Tris-HCI buffer, pH 7.3, with a peptide concentration of 40 mM,

and then the pH values and concentrations of the peptide @ (B)

solutions were readjusted to pH 7.4 (or 7.3) and 10 mM, o -'-"\__/\__/-—

respectively, by using 10 mM phosphate (pH 7.4) or Tris-HCI dI b

(pH 7.3) buffer and 0.1 M NaOH dissolved in 10 mM phosphate

or Tris buffer. The concentrations of PC and cytere adjusted a2
by their absorption spectra. : © e
Spectroscopic Measurements Absorption spectra of PC in )
the presence of Lysptd’s were measured at@5n a Shimadzu e e g
UV 3101PC spectrophotometer. @)
Resonance Raman Measurements.Resonance Raman M —

scattering was excited at 591 nm with arn*Aon laser (Spectra
Physics, 2017)-pumped dye laser (Spectra Physics, 375B) with
Rhodamine 6G and detected with a triple polychromator
(JASCO, NR-1800) equipped with a CCD detector (Princeton
Instruments). The slit width and slit height were set to be 100

w

Q)

0.02

0
um and 15 mm, respectively. The excitation laser beam power < (c)
(at the sample point) was adjusted to 60 mW. Measurements < S
were carried out at room temperature with a spinning cell (3000 (d)
rpm). The data accumulation time was 400 s. Raman shifts © e
were calibrated with CGJand the accuracy of the peak positions o
of the Raman bands wakl cni . N T el
400 500 600 700 800

Electrochemical Measurements. Cyclic voltammetry was
carried out at room temperature with a voltammetric analyzer
(Bioanalytical Systems, 100B). A 2-(diethylamino)ethanethiol Figure 2. (A) Absorption spectra of (a) PC (10fM) with penta-Lys
(Sigma)-modified gold electrode, prepared as described previ- (330 M) and (b) PC without it and (c) their difference spectrum

: - — b) multiplied by 20. (B) Difference absorption spectra between
ously# was used as a working electrode, and a gold wire and @ . . . ;
an Ag/AgCl electrode were used as counter and referencepC (100uM) with and without various Lysptd's (Lyspenta-Lys). The

Wavelength / nm

. . . . concentrations of Lysptd’s were (a) penta-Lys, 280; (b) tetra-Lys,
A4 - ¢
electrodes, respectivety** The midpoint redox potentials were 360 uM: (c) tri-Lys, 530uM; (d) di-Lys, 1.2 mM:; (€) Lys, 2.4 mM.

(C) Difference absorption spectra of wild type and negative patch
mutant PC’s (10@M) with and without tetra-Lys (36@M): (a) wild
type, (b) M1, (c) M2, (d) M3, and (e) M4. Phosphate buffer (10 mM),

calibrated by using [Co(pheg}§/3+.1
Kinetic Measurements. The electron-transfer rate constants
from reduced cyt to oxidized PC in the presence of Lysptd's

were obtained by monitoring the absorbance at 420 nm with pH 7.4, was used.

an Otsuka Denshi RA601 stopped-flow equipment attached with

an oscilloscope. A 1@M solution of PC in 10 mM Tris-HCI
buffer, pH 7.3, containing 10 mM NaCl was mixed at 16
with 1 M cyt c in the same buffer. The inhibitory effect of

of oxidized PC with and without penta-Lys and their difference
spectrum are shown in Figure 2A. A factor of 0:9B02 was
used to make the peak and trough areas equal, which differences

charged peptides on the electron-transfer rate was studied witndeémonstrate the absorbance changes. Pe&ak®) and~460

a PC solution containing Lysptd {600 xM), the peptide
concentration being 6300 uM after mixing PC and cytc

nm) and troughs~540 and~700 nm) were detected in the
difference absorption spectrum, and their positions were different

solutions. Although the rate constants were very sensitive to from the peak position (597 nm) of oxidized PC, which has
the experimental conditions, especially the buffer and salt P€en assigned to the cysteine thiolatg,JSo-Cu(ll) charge-

concentrations, the relative rate values were reproducible.

Results

Oxidized PC—Lysine Peptide Interactions. (1) Absorption
Spectral Studies.Protonation of Lysptd is reasonably presumed
at pH 7.3-7.4, since the Ig, value for thee-amino group of
Lys is 10.71 at 25C (I = 0.1-0.2)* The absorption spectra

(43) Quinkal, 1.; Kyritsis, P.; Kohzuma, T.; Im, S.-C.; Sykes, A. G;
Moulis, J.-M. Biochim. Biophys. Actd996 1295 201-208.

(44) Kohzuma, T.; Dennison, C.; McFarlane, W.; Nakashima, S;
Kitagawa, T.; Inoue, T.; Kai, Y.; Nishio, N.; Shidara, S.; Suzuki, S.; Sykes,
A. G. J. Biol. Chem1995 270, 25733-25738.

(45) Yamauchi, O.; Odani, APure Appl. Chem1996 68, 469-496.

transfer band.® The PC-Lysptd interaction caused the 597-
nm band to shift a little to a longer wavelength and increase
the intensity of the 460-nm band. The difference absorption
spectra for PC with and without various Lysptd’s shown in
Figure 2B exhibit the peaks for penta- and tetra-Lys but no
significant peak for tri-Lys, di-Lys, and Lys. The difference
absorption spectra for wild-type and negative patch mutant PC’s
with and without tetra-Lys (Figure 2C) show that the changes
at around 600 nm due to addition of Lysptd are hardly detectable
for mutant PC’s.

(2) Resonance Raman Studies.Figure 3A exhibits the
resonance Raman (RR) spectra in the 2600 cnt? region
for PC (500uM) with and without penta-Lys (660M) excited
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420

(B) 375404 Figure 4. Cyclic voltammetry of (A) PC (10&M) and (B) PC with

penta-Lys (26QuM). Phosphate buffer (10 mM), pH 7.4, was used.

@ Table 2. Midpoint Redox PotentialsEnigpoind 0f PC (100uM) in

the Presence of Lysptd’'s (Lydenta-Lys) (vs NHE)

Lysptc? EnmidpoinfMV Lysptd EnmidpoindMV
— 343 tri-Lys 349
Lys 344 tetra-Lys 358
di-Lys 345 penta-Lys 358

a@Measured in 10 mM phosphate buffer, pH 7.4, atC5 error+5
mV. P The concentrations of Lysptd’s were as follows: penta-Lys, 260
(a) (©) uM; tetra-Lys, 360uM; tri-Lys, 530 uM; di-Lys, 1.2 mM; and Lys,

e 2.4 mM.
Aoty i et and B of Figure 3 clearly indicates that the difference pattern

obtained for PC with and without penta-Lys is similar to that

) obtained between PC with and without ¢yt Structural changes
of cyt ¢ have been detected by RR in the cytcytochromec
(d) oxidase systerf?5° The difference RR spectra between PC with
(e) and without Lysptd’s with various lengths show that the
intensities of the peaks are larger for penta- or tetra-Lys than
200 300 200 500 500 for tri-Lys and hardly detectable for di-Lys or Lys (Figure 3C).

Raman Shift / em™ (3) Electrochemical Studies. Cyclic voltammograms ob-
tained for PC in the presence of a certain amount of various

(5004M) with penta-Lys (66Q:M) and (b) PC without it and (c) their ~ -YSPtd'S showed well-defined quasi-reversible faradaic re-
difference spectrum (& b) multiplied by 10. The ordinate scales in Sponses (F|gure 4)'_W'th m'F’PO'”t potentials listed in Table 2.
spectra a and b are normalized with the intensity of the 265 trand. Lys-containing peptide-modified electrodes have been used for
(B) RR spectra in the 606200 cnt region for (a) PC (50@M) with measurement of redox potentidls. The peak separation
cyt ¢ (500u4M) and (b) PC without it and (c) their difference spectrum decreased in the presence of penta- or tetra-Lys compared to
multiplied by 15. The RR spectrum of cgtwas also subtracted in  those in the presence of tri-Lys, di-Lys, or Lys, and the midpoint
spectrum c. (C) Difference RR spectra between PC (8@)and PC potentials of PC were about #15 mV higher in the presence
with various Lysptd's: (a) Lys, 6.0 mM; (b) di-Lys, 3.0 mM; (c) tri-  of penta- or tetra-Lys.
Iéi/(:;erilr}?enTa,\IAEo(r?(zlit;[gr:rsé-L;ﬁ’hzi()g?{:tM’ls(iszesr:itgr_]It_ﬁi’ dtﬁem: Electron Transfer between PC and Cytc. To investigate
excitation wavelength, 591.0 nm; laser power, 60 mW. Phosphate bufferthe r_1ature of the interactions between PC and Lysptd’s in more
(10 mM), pH 7.4, was used. detail, we performed stopped-flow measurements on the electron
transfer between reduced @yand oxidized PC. Figure 5 shows

at 591.0 nm and their difference spectrum, where peaks werethat the inverse plots of the observed electron-transfer rate
detected at 371, 399, 415, and 472-dnwhile troughs were ~ CONStantskeg versus the initial concentrations of Lysptd's{0
detected at 430, 455, and 487 ¢ Several bands at 374 300 uM) give a straight line. The inhibition of the electron-
475 cnt, which are due to the coupling of the €6 stretch transfer_ became promi_ner_1t as the length and concentration of
with S,—Cs—Co—N deformation modes of the coordinated Lysptd increased, but it did not change when a same amount
cysteine residué—48 were affected by added Lysptd, showing of tetra—GIy was ad.ded (data not shown), showing tfat the effect
that the cysteine geometry was perturbed by Lysptd. of the peptide terminal charges of th&« OO~ and NH;*™ groups

The difference RR spectrum in the 26600 cn? region can_be neglected. .
between PC (50@M) with and without cytc (500.M) excited Figure 6 summarizes the observegl_electrc_)n-transfer rate
at 591.0 nm is shown in Figure 3B. Comparison of parts A constants be_tween reduced ayaind oxidized wild-type and
mutant PC’s in the presence of 0, 90, or 180 tetra-Lys. The
(46) Andrew, C. R.; Yeom, H.; Valentine, J. S.; Karlsson, B. G.; rate constants for mutant PC’s also decreased as the concentra-
Bonander, N.; van Pouderoyen, G.; Canters, G. W.; Loehr, T. M.; Sanders-

Figure 3. (A) RR spectra in the 606200 cnt? region for (a) PC

Loehr, J.J. Am. Chem. S0d.994 116, 11489-11498. (49) Hildebrandt, P.; Heimburg, T.; Marsh, D.; Powell, G.Biochem-
(47) Sanders-Loehr, J. Bioinorganic Chemistry of CoppgeKarlin, K. istry 199Q 29, 1661-1668.

D., Tyekla, Z., Eds.; Chapman & Hall: New York, 1993; pp 563. (50) Hildebrandt, P.; Vanhecke, F.; Buse, G.; Soulimane, T.; Mauk, A.
(48) Woodruff, W. H.; Dyer, R. B.; Schoonover, J. R. Biological G. Biochemistry1993 32, 10912-10922.

Applications of Raman Spectrosco@piro, T. G., Ed.; John Wiley: New (51) Barker, P. D.; Di Gleria, K.; Hill, H. A. O.; Lowe, V. XEur. J.

York, 1988; Vol. 3, pp 413-438. Biochem.199Q 190, 171-175.
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35, Cu(ll) LMCT,89 the structure of the Cu site (at least the-Cu
o Scys bond) should be altered by addition of these Lysptd’s. This
30 structural change should be based on an equilibrium between
- PC and Lysptd because the intensities of the peaks and troughs
w25 increased as the concentration of penta-Lys increased (data not
N - shown). On the other hand, lack of the spectral change upon
w20 addition of tri-Lys, di-Lys, or Lys suggests that the PIG/sptd
e F association constants for shorter peptides are small and that PC
51 sE effectively recognizes penta- or tetra-Lys. The decrease in the
Z peak separation of the cyclic voltammogram of PC in the
10 - presence of penta- or tetra-Lys compared to that in the presence
C of tri-Lys, di-Lys, or Lys, and without Lysptd also supports
5.' e that only penta- and tetra-Lys interact with PC effectively. The
o 100 200 300 observed change in the absorption spectrum disappeared when

[Lysptd], / uM the NaCl concentration was increased to 100 mM (data not
Figure 5. Plots of the reciprocal electron-transfer rate constants (1/ shown), which supports that the structural change is induced
koby for the oxidized PC-reduced cyt system against the initial when Lysptd electrostatically interacts with the PC negative
concentrations (8300 uM) of Lysptd's (di- (®), tri- (4), tetra- @), patch. The spectral change dependent on the net charge of the
and penta-_l) Lys), together with Ieast-squar_e_s fitted lines according negative patch in Figure 2C suggests that these mutant PC’s
to eq 3. Tris buffer (10 mM), pH 7.3, containing 10 mM NaClwas 4"t associate with Lysptd's due to the decrease of the

used. . . .
negative charge at the negative patch. This structural change
180 of PC could be induced by the charge interaction recently
ol # proposed by Ullmann and Kosti
i Structural Change at the Cu Site Induced by Lysine
140 3 ] Peptide. RR spectroscopy is a powerful method for investigat-
% 120 - . : ing the character of the Ctiysbond in Type 1 copper proteins
=~ by exciting the Raman scattering near thg-8-Cu(ll) charge-
$1o00- " ; transfer band® 48 When tetra- or penta-Lys was added to the
sl = PC solution (Figure 3C), the bands at 375 cnt? slightly
1 shifted to lower frequencies, and small increase of the intensities
60| of some lower frequency bands in this region was observed.
| A | ; A Since the weighted average frequency based on the S-isotope
T WM e e wma dependence has a correlation with the-Gy distance®? the

Figure 6. Plots of the electron-transfer rate constarigs for the results ind_i(?ate that the Gu:ysteine. bor_1d was weakened a little
oxidized wild-type and mutant PC-reduced cysystem against the ~ Upon addition of Lysptd. Intensity increase of the 460-nm
initial concentrations of tetra-Lys (G, 90 @), 150 (&) uM). Tris absorption band has been explained by the structural change
buffer (10 mM), pH 7.3, containing 10 mM NaCl was used. from a trigonal planar toward a more tetrahedral Cu site
geometry causing lengthening of the -€&,s bond in Type 1
tion of Lysptd increased. As the net charge of the negative copper protein& The RR results correspond with the increase
patch of PC decreased (Table 1), theeyPC electron-transfer  of the 460-nm absorption band in the difference absorption
rate constant decreased. The effects of Lysptd's and mutantspectrum (Figure 2), supporting that the-€3,s bond length
PC’s on the electron-transfer rate revealed that Lysptd’s having for pC pound with Lysptd is longer compared to that without
positive charges interact with the negative patch of PC and thUSLysptd. This structural change could be regarded as a result of
decrease the rate. the gating process as reported by Kostit al?®=32 The
intensities of the peaks seen in the RR difference spectrum due

Discussion to the PC-Lysptd interaction were smaller for {tiys and not
. . ) . detectable for di-Lys or Lys. According to the absorption
Oxidized PC-Lysine Peptide Interaction at the PC difference spectra discussed above, tetra- and penta-Lys interact

Negative Patch. Despite the importance of investigations on
the protein-protein interaction, it is difficult to deduce the
resulting structural change of one p_rotein against the other for been induced by PELysptd interaction at the PC negative
the PC-cyt c/f system by the absorption spectrum because these tch
proteins show overlapped absorption bands in the visible region. patch.
Since Lysptd’s served as competitive inhibitors of the electron EPR measurements of the copper atom of PC gave no
transfer from reduced cyt to oxidized PC, we propose that ~Significant change upon addition of tetra- or penta-Lys. This
Lysptd’s function as models for the PC interacting site of could be because EPR is more sensitive to the-Kibond
proteins. The difference RR spectrum obtained for PC with geometry, while the structural change seen from the-3v%
and without penta-Lys was similar to that for PC with and cm *bands in the RR spectra are due to coupling of theSu
without cytc (Figure 3A,B), supporting that Lysptd’s are good ~ stretch with $—Cs—C,—N deformation modes of the coordi-
models for cytc. :
Lysptd's caused changes in the absorption spectrum of PCSofgg’;‘fl'a&l201?7331?1%?5' J. P.; Czemuszewicz, R. m. Chem.
at around 600 nm (Figure 2), while tetra-Gly and NaCl did not (53) Han, J.; Loehr, T. M.; Lu, Y.; Valentine, J. S.; Averill, B. A.;
(data not shown). Since this band is assigned to thet& Sanders-Loehr, J. Am. Chem. Sod.993 115, 4256-4263.

with the negative patch of PC while tri-, di-Lys, and Lys do
not, so that the structural changes at the Cu site should have
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nated cysteine residdé&:8 In line with this, the 265 cm'* band,
which is assigned to the GtHis stretching}* did not show any
change.

On the other hand, the midpoint potential of PC increased in
the presence of tetra- or penta-Lys compared to that in the
presence of tri-Lys, di-Lys, Lys, or without Lysptd (Table 2),
while the midpoint potentials of mutant PC’s did not change in

Hirota et al.
Table 3. Association Constant¥K() for PC—Lysptd Complexes
length of Lysptd Ki/M~—1 length of Lysptd Ki/M~1
di 550+ 130 tetra 590@: 300
tri 1400+ 200 penta 15308- 1000

2 In 10 mM Tris-HCI buffer, pH 7.3, containing 10 mM NacCl.

the presence of the same amount of tetra- or penta-Lys (datacomplexes

not shown). Therefore, we infer that the above-mentioned

structural change raises the redox potential of Cu and makes it

easier for PC to receive an electron from its redox partner.

Kinetic Consideration on PC—Lysine Peptide Binding and
Its Effect on Electron Transfer. It is of fundamental
importance to know how proteins recognize their electron
accepting and/or donating partners, and there have been
number of studies on the electron transfer between proteipfs.
Electron transfers between PC and €yir cyt ¢ have been
studied extensivel§f23-28,31.323559.6Qyhere the positively charged
cyt ¢ has been used as a model for ¢yt Redox reactions
between PC and small molecules have also been investigate
extensively, and Sykes et al. have previously discovered in an
elegant way that small inorganic compounds can inhibit the
electron transfer between PC and cydr cyt f.17:21.61-63

In this study, the electron transfer rate constant decreased a
the net charge at the negative patch decreased for site-directe
mutants of PC, especially for M4 mutant PC (Figure 6). Since
the geometry of amino acid residues of M4 mutant PC is not
modified significantly from wild-type PC? the decrease in the
Lysptd’s inhibitory effect is due to the decrease of the net charge
of the negative patch. This result indicates that the inhibition
is attributed to the electrostatic interaction of the peptides, which
interferes with the formation of a P&t c complex.

The observed inhibition may be interpreted by considering
formation of two complexes: a P&t c complex, where
electron transfer occurs subsequently, and d_i$ptd complex,
which competitively inhibits the formation of the P&yt c
complex and thus inhibits the electron transfer. The complex
formations are expressed by the following equations:

K\
PGy + Lysptd= (PC,-Lysptd) 1)

K ke
PCoy + YL Crog ™ (PG CYt Crodr = (PGeg'CYL Codr  (2)

whereK; andKps are the association constants for,RCysptd

and PGy-cyt ceg cOMplexes, respectively, akgrepresents the
electron-transfer rate constant. The suffixes ox and red refer
to the oxidized and reduced states, respectively, and R denote

that the complex is formed at the Cu-remote negative patch of .

PC. If we write the observed rate constankas, Koske ask,
and the initial concentrations of PC and Lysptd as [P&]d

(54) Nestor, L.; Larrabee, J. A.; Woolery, G.; Reinhammar, B.; Spiro,
T. G. Biochemistry1984 23, 1084-1093.

(55) Davidson, V. L.Biochemistry1996 35, 14035-14039.

(56) Mclendon, G.; Hake, RChem. Re. 1992 92, 481-490.

(57) Moser, C. C.; Keske, J. M.; Warncke, K.; Farid, R. S.; Dutton, P.
L. Nature 1992 355 796-802.

(58) Gray, H. B.; Winkler, J. RAnnu. Re. Biochem.1996 65, 537—
561.

(59) Takabe, T.; Ishikawa, Hl. Biochem1989 105, 98—102.

(60) Soriano, G. M.; Ponamarev, M. V.; Tae, G.-S.; Cramer, W. A.
Biochemistry1996 35, 14590-14598.

(61) Chapman, S. K.; Sanemasa, |.; Sykes, AJGhem Soc., Dalton
Trans.1983 2549-2553.

(62) Chapman, S. K.; Watson, A. D.; Sykes, A.l5Chem. Soc., Dalton
Trans.1983 2543-2548.

(63) Beoku-Betts, D.; Chapman, S. K.; Knox, C. V.; Sykes, Alrarg.
Chem.1985 24, 1677-1681.

Table 4. Association Constant¥() for Mutant PC-Tetra-Lys
species Ki/M~1 species Ki/M~2

M1 1420+ 160 M3 730+ 40

M2 1040+ 110 M4 490+ 40

aIn 10 mM Tris-HCI buffer, pH 7.3, containing 10 mM NacCl.

b{Lysptd]o, respectively, we obtain the relationship

1 Ki

Km: k[P—C]O[Lysptd]O +

1
k[PC], ®)

Plots of 1k.ps against [Lysptd] gave lines shown in Figure

, Substantiating the validity of the assumptions leading to eq
3. k(=(35.2+ 0.4) x 10° M~ s71) andK; values (Table 3)
were obtained from least-squares fitting with eq 3. Since the

ysptd is bound to the negative patch of PC.

The association constant between & %edox inactive
complex and reduced PC is reported to be larger than that
between a 4 redox inactive complex and reduced PC, while
the constants for the oxidized PC and same redox inactive
compounds were in the opposite orde$2:63 This discrepancy
could be caused by the differences in the size and shape of the
complexes. In the present systeris,became larger as the
charge of the Lysptd, i.e., the number of lysyl residues, increased
(Table 3). The largeK; values for PC with tetra- and penta-
Lys than with tri-, di-Lys, and Lys may suggest that PC
effectively recognizes sites with more than three positive charges
compared to those with three or less charges, which would
enable PC to bind its redox partner more selectively.

The electron-transfer inhibition by Lysptd decreased signifi-
cantly as the net charge of the negative patch of PC decreased.
Association constants;, for mutant PC-tetra-Lys complexes
were calculated by using eq 3 and the values in Figure 6 and
are listed in Table 4. Thk; values decreased as the net charge
of the negative patch decreased (wild-typeM1 > M2 > M3
> M4), also supporting that the negative patch is the Lysptd
interacting site. The inhibitory effect of tetra-Lys decreased
considerably when the net negative charge of the PC negative
atch was two or less, indicating the importance of having more
han three negative charges at the negative patch for the
interaction with tetra-Lys.

ijtting was successful, it is reasonable to assume that only one

Conclusion

Absorption spectral studies of wild-type and negative patch
mutant PC’s with various lengths of Lysptd showed that PC
interacts with Lysptd at its negative patch, and it interacts
effectively only with Lysptd equal to or longer than tetra-Lys.
RR spectral changes of PC were the same for PCeand
PC—Lysptd interactions, indicating that Lysptd’s are good
models for the PC recognition site of proteins. Interaction of
PC with tetra- or penta-Lys gave rise to a certain structural
change around the copper active site, as seen from the spectral
changes detectable in the absorption and RR spectra. RR
measurements suggested that the interaction of PC with tetra-
or penta-Lys at its PC negative patch caused the &y bond
to become longer, and electrochemical studies showed this
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structural change raised the redox potential of Cu, making PC PC effectively recognizes the sites with four or more than four
fitted for receiving an electron from its redox partner. positive charges.

Lysptd’s such as tetra- and penta-Lys have been found to Taken together, these observations indicate that Lysptd’s,
function as competitive inhibitors for the electron transfer from especially tetra- and penta-Lys, function as models for the PC
reduced cyt to oxidized PC, which is explained by neutraliza- interacting site of proteins.
tion of the PC negative patch by formation of ®¢sptd
complexes. The reduced ayto oxidized PC electron-transfer
rate constant decreased with the net charge of the negative patc

of site-directed mutant PC’s, indicating that the electron transfer 5\/;; '\IEQS ;’Sld'gxs dal;]damcl;J:ZQ:-iZFA? dlﬁ‘z];ogiizlrj\glfliiagggé;—gﬁ
is affected by the net charge of the PC negative patch. The pp y

decrease in the electron transfer rate constant shows that théNo' 09304062) from the Ministry of Education, Science, Sports,

negative patch is the dominant pathway. Interestingly, the and Culture of Japan, for which we express our thanks.
association constants for the PCysptd complexes reveal that  JA980711L
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