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ABSTRACT: The effect of pH on théH NMR spectrum, reduction potential, and self-exchange rate constant

of the novel plastocyanin (PCu) from the fern pl&myopteris crassirhizomaas been studied. The results

are compared with those for the higher-plant PCu from parsley. Inlthé&dMR spectrum ofD.
crassirhizomaCu(l), there is no sign that either of the His ligands is protonated at pH* down to 5.4. The
reduction potentials ob. crassirhizomaand parsley PCu are 382 and 379 mV, respectively, at pH 7.4.
When the pH value is decreased, the reduction potential of parsley PCu is seen to increase quite dramatically,
consistent with protonation at His87 in PCu(l). Kgpof 5.8 is obtained from the electrochemistry data,
consistent with a value of 5.6 determined by NMR. The reduction potentil. afrassirhizomaPCu

exhibits a much less pronounced dependence on pH. The self-exchange rate cordtanhssirhizoma

PCu(l) is 3.4x 10° M~1 s 1 at pH* 7.9. This is the smallest self-exchange rate constant reported to date
for a PCu and can be rationalized by considering the altered distribution of charged residues on the surface
of the D. crassirhizomaprotein compared to the charge distributions of other higher-plant PCus. The
self-exchange rate constant increases to 80° M~1 s~! at pH* 5.4, consistent with enhanced protein

protein association at lower pH*, and the absence of His87 protonationdrassirhizomaCu(l) in the
accessible pH range.

Plastocyanin (PCd)is a type 1 blue copper protein
(cupredoxin) involved in photosynthetic electron transfer (et)
between cytochromgof the bsf complex and P7000f PSI
(1, 2). Plastocyanin was the first cupredoxin to be structurally
characterized 3) and consists of eighp-strands which
constitute twof-sheets, giving the molecule an overall
topology known as @-barrel (see Figure 1YJ. The copper
ion is buried approximatgl6 A from the protein surface
and has a distorted tetrahedral geometry. Three ligands form
strong bonds to the copper, namely, the thiolate sulfur of
Cys84 and the Natoms of His37 and His872Y. The copper
ion is slightly displaced from the plane of these three

D. crassirhizoma
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1 Abbreviations: PCu, plastocyanin; LMCT, ligand to metal charge
transfer; U\-vis, ultraviolet-visible; NMR, nuclear magnetic reso-
nance; SDSPAGE, sodium dodecyl sulfatgolyacrylamide gel
electrophoresis; 1D, one-dimensional; 2D, two-dimensional; TOCSY,
total correlation spectroscopy; NOESY, nuclear Overhauser enhance-
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for the deuterium isotope effeatt, wild type; DEAE-SH, 2-(diethy-
lamino)ethanethiol; PSI, photosystem [; et, electron transist;

Parsley

Ficure 1: Representations of the structures of Cu(l) parsley (PDB
entry 1PLB) andD. crassirhizomgPDB entry 1KDI) PCus drawn
with MOLSCRIPT (78). The copper ion is shown as a black sphere
in both cases, and the side chains of the coordinating amino acids
are included in the parsley structure. In tBe crassirhizoma
structure, only the His87 ligand is shown as is the nearby Phel2
residue. Also shown are the acidic residues which surround Tyr83
in parsley PCu and which are concentrated around the hydrophobic
patch inD. crassirhizomaPCu.

equatorial ligands toward the weakly coordinated thioether
sulfur of Met92.

The structures of higher-plant and green algal PCus reveal
two surface areas as potential binding sites for redox partners
(3—10). The first is formed by a cluster of nonpolar side
chains, which surround the solvent-exposed His87 ligand,
and is known as the hydrophobic patch (see Figure 1). The
second consists of a group of carboxylate side chains, which

standard reduction potential. surround the exposed Tyr83, and has become known as the
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acidic patch (see Figure 1). The latter surface can be dividedfor the proteins from parsleylb) and Anabaenevariabilis
into the upper (E59, E60, and E61) and the lower (D42, E43, (cyanobacterium)@), respectively. The smaller rate constant
D44, and E45) acidic patches in higher-plant PCus. The sizein the case of parsley PCu has been attribuées) (o the
of the upper acidic patch is diminished in the higher-plant presence of the acidic patch in this protein, which hinders
PCu from parsleyX0) (see Figure 1) and in the green algal protein—protein association. The absence of an acidic patch
proteins —9). In the cyanobacterial PCus, the acidic patch in the cyanobacterial PCu facilitates protejrotein as-
is nonexistentl1—15). It has been found that the acidic and sociation, resulting in a larger second-order self-exchange
hydrophobic patches of higher-plant PCus are important for rate constant. The effect of pH on the self-exchange rate
their interaction with both PSI and cytochrorhél6—31). constant of parsley PCu has also been investigad&jl (
In both cases, it appears that an electron-transfer pathwayinterestingly, at pH* 5.6, a value at which half of the PCu-
via the His87 ligand is use®(, 31), and not one involving  (l) molecules are protonated at His8 K = 5.6), the self-
the Tyr83 residue which is adjacent to the Cys84 ligand. exchange rate constant is almost identical to that determined

Recently, the structure of a PCu from the fern (vascular at pH* 7.5. This has been rationalized by the fact that
higher plant)Dryopteris crassirhizomaas been determined  although at pH* 5.6 protonation of His87 in PCu(l) would
(see Figure 1)32, 33). The acidic patch around Tyr83 (note hinder et, this effect is counterbalanced by the enhanced
that the residues iD. crassirhizom@Cu are numbered here association of two parsley PCus at lower pH* due to the
according to the accepted convention, and thus, ignore thepartial protonation of the protein’s acidic patch.
three inserted residues found in its sequence compared to |n this study, we investigate the effect of lowering the pH
typical higher-plant PCus, vide infra) in this PCu is restricted on the!H NMR spectrum ofD. crassirhizomaPCu(l), the
to two carboxylate side chains (Asp42 and Glu59). This reduction potential of the protein, and the self-exchange rate
region of the amino acid sequence possesses additional amingonstant. The behavior is compared directly with that of
acids, compared to other higher-plant PCus, which form an parsley PCu. Conclusions from all of these experiments are
a-helical section (see Figure 1). Tie crassirhizoméePCu consistent with the crystallographic data®ncrassirhizoma
still possesses a large number of acidic residues on its surfacepCu which indicate that His87 does not protonate in this
but the majority of these form an arc around the edge of the protein in the accessible pH range. The reasons for the
hydrophobic patch of the protein (see Figure 1). In fact, 11 absence of this behavior in this one member of the PCus
of the 15 acidic residues whick. crassirhizomaPCu are discussed. A number of interesting conclusions are also
possesses are found in this area of the protein. This resultsdrawn concerning the effect of the distribution of surface
in a molecule having electrostatic surface properties drasti- charges on the et reactivity d. crassirhizomaPCu as
cally different from those of all other higher-plant PCus.  compared to other higher-plant PCus.

Certain cupredoxins, including PC84—38), pseudoazurin
(39—41), and amicyanin42—44), exhibit fluxionality of their EXPERIMENTAL PROCEDURES
active sites at low pH in their reduced forms. This is a , . o
consequence of the protonation of the exposed C-terminal _Protein Isolation and PurificationPCus fromD. cras-
His ligand (in all structurally characterized cupredoxins, the sirhizoma(32) and parsley45) were isolated and purified
His ligand corresponding to His87 of PCu is solvent-exposed USing methods described previously. PDrecrassirhizoma
and is surrounded by a hydrophobic surface) and results inPCU POSsesses a pedlgdAsy ratio of <1.5, whereas the
the reduced copper adopting an almost trigonal planar PUre protein from parsley has &agAso; ratio of <1.7. Both
geometry in which the CaS(Met) bond is shortened (except PUre PCus gave a single band on an SPAGE gel.

in the case of amicyaninB8, 41, 44). The [K, value of the NMR Sample Preparation for pH TitrationBCu was fully
histidine ligand is in the range of-% for PCus 45), ~5 reduced by the addition of 1 equiv of sodium ascorbate, and
for pseudoazurinstQ), and~7 for the amicyanins42, 43). the protein was exchanged using ultrafiltration (Amicon,

The D. crassirhizomaprotein is unique among the PCus in 5000 MWCO membrane) into potassium phosphate buffer
that crystallographic studies of the oxidized and reduced (99.9% DO). The sample was transferred to an NMR tube
proteins at pH 4.5 have indicated very similar active site and the tube flushed with nitrogen. A small amount of
structures and thus the absence of protonation of the His@7sodium ascorbate was added to the sample to maintain the
ligand in PCu(l) 82). protein in the reduced form.

The electron self-exchange reaction is an intrinsic property NMR Sample Preparation for Self-Exchange Rate Constant
of all redox systems4). In the case of redox metallopro- MeasurementsFor self-exchange rate constant measure-
teins, it is an extremely useful reaction to study because thements, the sample was exchanged into either 36 mM
structure of only one protein needs to be considered whenphosphate at pH* 7.9, 57 mM phosphate at pH* 6.8, 86 mM
interpreting the rate constants. Furthermore, the reaction hagphosphate at pH* 5.8, or 94 mM phosphate at pH* 5.4 (all
no driving force and thus provides a measure of the electron-with | = 0.10 M). PCu(l) was produced as described above,
transfer capabilities of the different members of a family of with the excess reductant exchanged out by ultrafiltration.
redox proteins. Another reason for determining self-exchange The reduced sample was placed in an NMR tube and the
rate constants is their fundamental importance to Marcus tube flushed with nitrogen and sealed. Fully oxidized protein
theory. NMR spectroscopy provides the only routine method was obtained by the addition of a sufficient volume of 20
available for the study of this process and has been used tanM [Fe(CN)X]3~, and the excess oxidant was removed by
measure the self-exchange rate constants of a number ofiltrafiltration. Small amounts of the oxidized protein were
cupredoxins, with values ranging from3® 166 M1 s added to the reduced sample. The concentration of the
(47). In the case of the PCus, self-exchange rate constantxidized protein in the sample was determined by transferring
of 5.0 x 10* and 3.2x 10®* M~ s have been determined the mixed samplesta 2 mm UV~vis cuvette and measuring
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the absorbance at 590 nna & 4700 Mt cm™) (32). ABA
Readings were taken before and after the acquisition of NMR 8.1 / /
spectra, with an average of the two values used for all \
subsequent calculations.

Adjustment of the pH of Protein Samples for NMR
Spectroscopy The pH values of protein solutions were
measured using a narrow pH probe (Russell CMAWL/3.7/ 76 74 72 70 68 66 64 62 ppm
180) with an Orion 420A pH meter. The pH of the sample
was adjusted using NaOD or DCI. The quoted pH values
are uncorrected for the deuterium isotope effect and thus are 6.7
denoted by pH*.

NMR Spectroscopyll proton NMR spectra were acquired
at 500.16 MHz on a JEOL Lambda 500 spectrometer at 25
°C. Standard 1D spectra were acquired with a spectral width
of 8 kHz and employing presaturation of the HDO resonance
during the relaxation delay. Free induction decays were
accumulated into 16K data points and zero filled to give 32K
points for transformation. All chemical shiftd)are quoted
in parts per million (ppm) relative to water at 4.76 ppm. 1D 5.8
spectra for the assignment of singlet resonances were
acquired using the Hahn spin-echo {9@¢—18C°,—7—) (r
= 60 ms) and CarrPurcel-Meiboom-Gill [90°—7—
(18C°y—21),—18C°y—17] (N = 59,7 = 1 ms) pulse sequences.
2D TOCSY and NOESY spectra of PCu(l) were acquired
using a spectral width of ca. 8 kHz with 2048 points for 76 74 72 70 68 66 64 62 ppm
and 256-512t; increments. Mixing times of 70 and 200
ms were used for the TOCSY and NOESY spectra, respec-
tively. Spin—lattice (T;) relaxation times were determined
using a standard inversion recovery sequede€l 80°—7p—
90°—acq). The values afp ranged from 10 ms to 10 s, with
the total relaxation delayd(+ acq) always being greater
than 5 times thdl; of the resonances being analyzed. The
solvent peak was irradiated duridgandzp. An exponential
fit of a plot of the peak intensity against, for a particular

; ; ; i ; i Ficure 2: Part of the aromatic region of thel NMR spectrum of
protona ylgldgdflts'l'l Valui’ Spé?;]Spmt (-[]2) l:,el,lla).(art]lton tl.mesth D. crassirhizom&PCu(l) at 25°C. The numbers beside the spectra
were derived from peax widihs at hali-neight using the 5.6 e pH* values at which the spectra were obtained. The spectra

relationvy, = (nTy) . at pH* 8.1 and 6.7 are of samples in 20 mM phosphate, while those

UV—Vis SpectrophotometryJV—vis spectra were ac- at pH* 5.8 and 5.4 are of the protein in 100 mM phosphate buffer.
quired at 25°C on either a Shimadzu UV-2101PC or a The resonances assigned to the two histidine ligands are indicated
Philips PU8740 spectrophotometer. in the pH* 8.1 spectrum.

Electrochemistry of D. crassirhizoma and Parsley PCu.
The direct measurement of the reduction potential of PCu . :
was carried out using a Princeton Applied Research modeltnho)emaﬂfth!o' (3E?E'SH)J$_'<5t_m'n' The electrode was
173 potentiostat operated using software from EG&G. The oroughly rinsed after modification.

electrochemical cell consisted of a three-electrode system: PH and Buffers for Electrochemical StudigspH-jump
a gold working electrode (which was in direct contact with Method was used by diluting the protein (10-fold) with 20

1004L of a protein-containing solution), a platinum auxiliary MM buffer [I =0.1 M (NaCl)]. Stock protein solutions-{1
electrode, and a Ag/AgCl reference electrode. Measurementdn'M) were stored in 1 mM bufferl [= 0.1 M (NaCl)]. For
were carried out at ambient temperature £21 °C) at scan the stu_d_les in the pH range of 4:8.0, sodium acetate buffer
rates of typically 20 mV/s. All reduction potentials were Was utilized; for the pH range of 5:16.9, MES buffer was
referenced to the NHE, and voltammograms were calibrated used, and TRIS was .used in the pH range of Z.6. Al
using the [Co(pher)*"'2* couple (370 mV vs NHE)49). buffers were at an ionic strength of 010 M (NaCI): When
Preparation of the Gold Working Electrod@rior to each checkgd, the final pH yalge after mixing was within 0.02
measurement, the gold electrode underwent a series ofPH Unit of that of the diluting buffer.
polishing steps crucial to the voltammetric response, and Waspeg LTS
then chemically modified. The electrode was polished using
Al Os-coated films, starting with a particle size of Q& Dependence on pH* of théH NMR Spectrum of D.
and followed by a 0.0&m film. The electrode was further  crassirhizoma PCuPart of the aromatic region of thié
polished on a slurry of AD; (0.015um particle size) on NMR spectrum ofD. crassirhizomaPCu(l) is shown in
fresh Buehler cloth. After being polished, the electrode was Figure 2. Singlets, which can only arise in this region of the
sonicated for at least 1 min in deionized water. The electrode spectrum from the imidazole ring protons of the two histidine
was rinsed thoroughly with deionized water and then ligands (the only His residues found . crassirhizoma

76 74 72 70 68 66 64 62 ppm

5.4

76 74 72 70 68 66 64 62  ppm

modified by immersionn a 1 Msolution of 2-(diethylami-
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PCu), are identified at 6.28, 6.77, 6.93, and 7.04 ppm at pH* 490 (

8.1 (it should be noted that these imidazole protons are

actually unresolved doublets). In a TOCSY spectrum, the 470

peaks at 6.28 and 6.93 ppm show a cross-peak as do those 450 |

at 6.77 and 7.04 ppm. Therefore, these two sets of signals <

can be assigned to ligands HisB and HisA, respectively E ;o b

(sequence specific assignments have not been carried out as i

they are not required for this investigation). In a NOESY 410 | iii

spectrum obtained at pH* 6.7 (each of the imidazole peaks L LT

has the same chemical shift at this pH* value as at pH* 8.1), 390 r LT

the singlets at 7.04 and 6.93 ppm exhibit a cross-peak. Such 370 . . i |
a dipolar connectivity is usually observed in cupredoxins 4 5 6 7 g

between the &H protons of the two His ligands. Also, a

strong dipolar connectivity is observed between the HisA pH

resonance at 7.04 ppm and an aromatic proton belonging toFicure 3: Dependence on pH of the reduction potentil'Y of

a Phe spin system, and thus, the latter is assigned to PhelRarsley ®) andD. crassirhizoma®) PCu at an ionic strength of

which is situated close to the active site (see Figure 1). 0.10 M (NaCl). The line shown is obtained from a fit of the data
As the pH* value is reduced to 5.4, there is almost no for parsiey PCu'to eq 1.

change in the aromatic region of thid NMR spectrum of  have a slope of approximately60 mV/pH unit. This

D. crassirhizomaCu(l) (see Figure 2). The only significant  indicates that the reduction of the protein is accompanied
chemical shift Change is that the?® and GH resonances by the uptake of a proton at the active site. This pH
of HisB move slightly downfield to 6.37 and 7.05 ppm, dependence can be fit (two parameters, nonlinear least
respectively, at pH* 5.4. Additionally, these two singlets are squares) to eq 1:

broader at pH* 5.4 than at pH* 8.1. The amount of

broadening of these two peaks was found to depend on the , o RT [H+]
concentration of phosphate, with the effect diminished at E”(pH) = E”(high pH)+ - =Inj1+ =23 (1)
higher concentrations of the buffer. At the lower pH* values, K

the signals from HisB continue to experience small changes
in their chemical shift and broaden quite considerably (even
at high phosphate concentrations). By pH* 5.0, the imidazole
ring protons associated with this histidine have moved into
crowded regions of the spectrum. At pH* 5.0, th&€ and
C<!H resonances of HisA are found at 6.78 and 7.05 ppm
and thus have hardly been affected by the decrease in pH*.
The same is also true for most other peaks in the aromatic
region of the spectrum, including those of Phel2. At pH*
values of <5.3, D. crassirhizomaPCu(l) becomes quite
unstable at the concentrations required for the NMR experi-
ments (12 mM) and starts to precipitate. At pH* values of
<5.0, it is not possible to obtain NMR spectra DX
crassirhizomaPCu(l).

Dependence on pH of the Reduction Potential of D. Determination of the Electron Self-Exchange Rate Con-

crassirhizoma and Parsley PCBothD. crassirhizomand T
parsley PCu vyield good, quasi-reversible, responses on astant of D. crassirhizoma PCu B4 NMR Spectroscopyn

o . a mixture of PCu(l) and PCu(ll), the slow-exchange condition
DEAE-SH-modified gold electrode in the pH range of 4.3 . . .
7.7. In all cases, the anodic and cathodic peaks are of equaF45’ 48, 50-52) applies to protons which obey the following

intensity, and peak separations of-680 mV were obtained relationship:
for parsley PCu, while values 6f60 mV were found for KPCU}, < 1T, . — /T )
D. crassirhizom&Cu, at all pH values studied and at scans hox i.red

rates of typically 20 mV/s. The peak currents are proportional where k is the second-order self-exchange rate constant,
to the square roots of the scan rates in th_e range-df2®) [PCur is the total concentration of protein, afiigh, andT; req
studied herein, the average of the anodic and cathodic peakeguced forms, respectively. Under these circumstances, for
potentials can be reasonably assumed to beEthevalue. gilute solutions containing only a smak(0%) proportion

At pH values of<4.3-4.4, the electrochemical response of f the oxidized form of the protein, it can be shown that eq
both PCus deteriorated considerably regardless of the condi3 gpplies 45, 48, 50-52)

tions that were used. The variations with pH of the reduction

potentials ofD. crassirhizomaand parsley PCu are shown UT, = (T, o9 + KIPCu(ll)] (3)

in Figure 3. In the case of the parsley protein, a reduction

potential of 378 mV is found at pH 7.7. As the pH value is whereTi; is the observed relaxation time of the resonance in
lowered, the reduction potential increases, and a value ofthe reduced protein and [PCu(ll)] is the concentration of
471 mV is obtained at pH 4.3. The data at low pk5(0) PCu(ll). Thus, a plot off;* against [PCu(ll)] will give a

whereE®' (pH) is the measured reduction potenti&;(high

pH) is the reduction potential at high pK,e?is the protein
dissociation constant for the residue in the reduced protein
which affectse®'(pH) as the pH value is lowered, and the
other symbols have their usual meaning®)( The fit of the
data to this equation yields &g® value of 5.8.

The reduction potential db. crassirhizomaPCu is 382
mV at pH 7.4. As the pH value is lowered te6, the
reduction potential remains almost constant (see Figure 3).
As the pH is decreased further, the reduction potential
increases slightly and a value of 413 mV is found at pH 4.4
(see Figure 3). The data f@. crassirhizomaCu have not
been fitted to eq 1, and the reason for this will be discussed
below.
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Table 1: Summary of the Self-Exchange Rate ConstantSs@®erived fromT; (ki) and T2 (k2) Data in Phosphate Bufferl (= 0.10 M)

HisB (6.97 ppm) HisB (6.32 ppm)

HisA (6.77 ppm) Phel2 (6.75 ppm)

pH* k(M™ts?h) kM1sh kk kM1ts?t) kM1is?h kik ki (M~ts™) ki (M~ts™) averagek; (M~1s™?)
7.9 3.3x 10° 2.3x 10 0.7 3.1x 10° 3.0x 10° 1.0 3.4x 10° 3.8x 10° 3.4x 10°
6.8 4.1x 10° 43x 1C° 1.0 4.1x 10° 3.0x 10° 0.7 5.0x 10° 5.1x 10° 4.6 x 10°
5.8 nd nd® - 6.8x 10° 6.8x 10° 1.0 6.8x 10° 7.3x 10° 7.0x 10°
5.4 nd ncP - 8.3x 10° 8.1x 10° 1.0 9.0x 10¢° 9.8x 10° 9.0x 10°
aThe estimated error in thie values is£10%, while that for thek, values is£20%." Not determined due to overlap with other peaks at this
pH* value.
30 r 5r
25 -.___H——H’é ® o o .
46
20 |
;\‘.n/ 15 F ~
B A garr
10 + -
[ ]
s L 38 |
[ ]
e e e
0 VvV il | | |
0 50 100 150 200 3.4 - ' '
5 6 7 8
[PCudID)] (LM)
pH*

Ficure 4: Plots ofT;~! (@) andT,~* (®) vs [PCu(ll)] for the C'H
signal of HisB (6.97 ppm) at pH* 6.8. Also shown are plots of
T,71 (@) andT,1 () vs [PCu(ll)] for the C2H resonance of HisB
(6.32 ppm) at pH* 5.4. The error bars in the case of The* data
are smaller than the symbols.

straight line with a slope df. It should be noted that protons

likely to satisfy the slow-exchange conditiofg( 52).

It is therefore imperative, when determining the self-
exchange rate constant of a cupredoxin By NMR
spectroscopy, that the protons used be in the slow-exchang
regime. In these studies, we have used the resolved imidazol
ring protons of HisB, one of the HisA imidazole protons
(both HisA and HisB are copper ligands), and a Phel2

resonance (this residue is situated very close to the coppe

center; see Figure 1). Experiments were carried out at [PCu]
values of~1—2 mM, and thek values are approximately
3-9 x 1 M1 s71 (vide infra). TheTy eq * values for the
resonances used are in the range of-@3 s!, while the
T10x * values of the @H and C'H resonances of the His
ligands in spinach PCu range from 3704000 s? (53).
The T, 4 * values of theD. crassirhizomaPCu peaks used
in this study range from 12 to 24 while theT, o« * values
are >7 x 10 s! (53). Therefore, inequality 2 applies to
both theT; and T, data for the peaks used in this study in
all of the experiments that are described. Verification that

the protons used belong to the slow-exchange regime is

provided by the observation that very similar valueskof
are found for both thd; and T, data in the cases where
they were both measured (vide infrag( 48, 52). Further-
more, the observed values are independent of [PGLds

r

Ficure 5: Dependence (28C) on pH* of log k (k is the self-
exchange rate constant) in phosphate buffer 0.10 M (NacCl)]
of D. crassirhizomaPCu @) and parsley PCu&).

pH* 5.4 (6.32 ppm) are shown in Figure 4. The slopes of
these plotsK values) are listed in Table 1 along with the

Gesults from all of the self-exchange experiments that were

carried out. From the values shown, it is clear that the
availableky/k; ratios{wherek; andk; are the slopes of the
lots of T, t and T, %, respectively, against [PCu(l})]are
Il very close to 1, highlighting the fact that the resonances

ised in this study are indeed in the slow-exchange regime

[ko/k; ratios in excess of 510 are expected for protons in
the fast-exchange regimdg 52)]. Due to the small self-
exchange rate constant Bf crassirhizomePCu (in particu-

lar, at neutral pH*), the effect of increasing [PCu(ll)] on
T,71 is extremely difficult to measure. However, precise
measurements of the self-exchange rate constant are readily
achieved by measuring the effect of [PCu(ll)] on fhg?
values, and thus, the values provide the more reliable data.
The dependence of the self-exchange rate constait. of
crassirhizomaPCu on pH* is shown in Figure 5. Also
included in Figure 5 are the corresponding data for the PCu
from parsley.

DISCUSSION

Effect of pH* on the!H NMR Spectrum of D. crassirhi-
zoma PCu(l)Lowering the pH* has very little effect on the
aromatic region of théH NMR spectrum ofD. crassirhi-
zomaPCu(l). This is in stark contrast to what is typically

would be expected to be the case in the slow-exchangefound for other reduced PCu8%, 36, 45). For example, in

regime. In this study, as in a previous investigatiéB)(we
have found that eq 3 remains valid when a much higher
proportion &10%) of PCu(ll) is present.

Plots of T, * against [PCu(ll)] for the €H signal of HisB
at pH* 6.8 (6.97 ppm) and for the%H peak of HisB at

the case of parsley PCu(l), we have recendl§) (observed

an ~1 ppm downfield movement in the chemical shift of
the C'H proton of His87 when the pH* value is lowered
from 7.6 to 5.0. The &H signal shifts also but by a much
smaller amount. This behavior indicates that the His87 ligand
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becomes protonated at the’ Mitom and is no longer Self-Exchange Rate Constant of D. crassirhizoma PCu and
coordinated to Cu(l), and that exchange between the depro-the Influence of pH*The self-exchange rate constant of 3.4
tonated and protonated forms of the histidine is fast on the x 10° M~! s1 for D. crassirhizomaPCu at pH* 7.9 ( =
NMR time scale. A K;* value of 5.6 is obtained (28C) 0.10 M) is the smallest value determined for a member of
for His87 in parsley PCu(l). The chemical shift of a number this subclass of the cupredoxins. In the case of all cupre-
of other resonances in thiél NMR spectrum of parsley  doxins, it is thought that the hydrophobic area surrounding
PCu(l) are also affected by the protonation of His87, most the exposed histidine ligand is the surface patch through
notably, the imidazole ring protons of the other His ligand which two molecules associate to form the encounter
(His37) and a number of signals arising from residues in complex required for the self-exchange proce$g 67—
the hydrophobic patch of the protein. These quite widespread6l). In the case of the PCus, the absence of any charged
effects are a consequence of the structural rearrangement atesidues in the vicinity of the hydrophobic patch, as in the
the Cu(l) site upon protonation of His87. The only real effect case of the cyanobacterial proteins, results in a self-exchange
which is observed in theH NMR spectrum oD. crassirhi- rate constant of3 x 10° M~1s71 (48, 62). The introduction
zomaPCu(l) when the pH* is lowered is a very small shift of an acidic patch which is relatively remote from the
in the resonances of HisB<Q.1 ppm in the pH* range of = exposed His87 ligand (the supposed conduit for et), as in
8.2—-5.4). The magnitudes of these shifts and the absence ofthe higher-plant PCu from parsley, resultsa 1 order of
an effect on any other resonances in the spectrum, inmagnitude decrease in self-exchange reactivity (B* M~*
particular, those of the ligand HisA and Phel2, the latter of s at pH* 7.5) @5). This can be attributed to a decrease in
which is situated very close to the active site (see Figure 1the association constant for two PCu molecules as a
and vide infra), indicate that His87 does not become consequence of enhanced electrostatic repulsion. The self-
protonated under these conditions. This conclusion is sup-exchange rate constant &. crassirhizomaPCu is an
ported by the fact that both of the HisB imidazole resonances additional 1 order of magnitude smaller than that of parsley
shift by exactly the same amounts. The broadening of the PCu. The acidic residues in th#& crassirhizomaPCu are
imidazole ring protons of HisB at even lower pH* values, not found concentrated in the region surrounding Tyr83, but
and the dependence of the broadening on phosphate conare located in an arc on the edge of the hydrophobic patch
centration, is not completely understood at the moment andof the protein. This results in an increase in the amount of
is the subject of further studies. The instability of the reduced negative charge (at neutral pH) close to the exposed His87
protein at these lower pH* values makes more detailed ligand. This leads to a decrease in the association constant
investigations under these conditions difficult. The observed for two PCu molecules and thus a smaller self-exchange rate
small shifts indicate that there is a pH-induced conformation constant (it cannot be totally discounted that the observed
change (affecting only one His ligand) and that exchange is effects are, in part, due to alterations in the distance over
fast on the NMR time scale. One possibility is that the which et occurs in the different PCus due to variations in
protonation of one or more of the acidic residues situated the arrangement of the proteins in the encounter complex,
close to the active site are responsible for this (vide infra). or that the proteins exhibit different reorganization energies).
Effect of pH on the Reduction Potential of D. crassirhi- When the pH* value is lowered, the acidic residues on the
zoma and Parsley PCThe influence of pH on the reduction  surface ofD. crassirhizomaPCu start to protonate and thus
potential of parsley PCu is consistent with the protonation the negative charge is partially neutralized. The protonation
of the His87 ligand in the reduced protein. This results in a of these acidic residues has an effect on the protein’s
three-coordinate Cu(l) site which is a preferred coordination reduction potential (vide supra) and also the reactivity with
number for this oxidation state of copp&4j, and thus, an ~ small inorganic complexes$®) (and also may be the reason
increase in the reduction potential is observad, @7, 55, for the minor effects seen in the NMR spectra). The observed
56). The K, value of 5.8 obtained from a fit of the data to increase in the self-exchange rate constant, upon reduction
eq 1 is in good agreement with th&ys value of 5.6 for of the pH* value, is consistent with the hydrophobic patch
His87 obtained from NMR studies4®). The reduction being used for self-exchange and also with the absence of
potential of D. crassirhizomaPCu at neutral pH is very  protonation of the His87 ligand iD. crassirhizomePCu(l)
similar to that of parsley PCu regardless of the drastically in the accessible pH range (the protonation of His87 would
different distribution of charged amino acid residues close be expected to cause a decrease in the self-exchange rate
to the copper center. When the pH value is lowered, there isconstant, due mainly to an increased reorganization energy).
a very limited effect on the reduction potential. The data  Active Site (His Ligand) Protonation in Cupredoxinghe
cannot be fit in a satisfactory manner to eq 1, indicating that active site of all structurally characterized cupredoxins
the observed effect is not due to protonation at the active contains a C-terminal His ligand whose imidazole ring
site. The slope of the data in the low pH range2@ mV/ protrudes through a conserved hydrophobic patch on the
pH unit) is also consistent with the lack of uptake of a proton surface of the protein6@). In reduced plastocyanirB4—
at the active site upon reduction. The observed increase in38), amicyanin 42—44), and pseudoazurirBg—41), it has
the reduction potential at lower pH values is most likely due been demonstrated that this His ligand can dissociate from
to the protonation of one or more of the acidic residues which the cuprous ion and become protonated. In all of the proteins,
are found close to the active site Bf crassirhizomaPCu. this results in a three-coordinate, almost planar, Cu(l) site
An alternative explanation is that the small effect of pH* on (38, 41, 44). The K, value for the His ligand differs in the
the reduction potential and thel NMR spectrum could be  three classes of cupredoxins. The reason only certain
due to the onset of protonation of His87. This would mean cupredoxins exhibit this behavior and the factors controlling
that the K;* value of this His in fern PCu(l) is<5, a pH* the [Kavalue of the His ligand are not well understood. The
value at which this oxidation state of the protein is not stable. PCu from the fern plant studied herein provides an intriguing



558 Biochemistry, Vol. 41, No. 2, 2002 Dennison et al.

new dimension to this analysis in that it is the first PCu which at a pH value at which the protein is no longer stable.
does not exhibit protonation of His87 in the accessible pH Recently, it has been calculated thatnhazurin the K, of
range. His117 in the reduced protein 2 (71). Interestingly, the

A theory that was put forward some years adg)( Phell4Ala mutation in azurin which removes the phenyl ring
implicated the length and structure of the C-terminal ligand- results in a 50 mV increase in the reduction potential (at
containing loop, which runs from the Cys to the Met ligand neutral pH) and an-0.4 A increase in the Cu(H)N(His117)
and contains the exposed His ligand, as a major factor inbond length 72).
controlling active site protonation in cupredoxins. It was  Another feature oD. crassirhizomd@Cu which is unusual
noticed 64) that in all of the proteins which exhibit an active  with respect to all other PCus, and which could contribute
site protonation there are only two intervening residues to the absence of an active site protonation, is the presence
between the Cys and His ligands. The number of residuesof a glycine at position 36 in the amino acid sequence. This
between the His and Met ligands appeared to control the position, which is adjacent to the N-terminal His37 ligand,
pK, value. Loop-directed mutagenesis experiments on ami-is occupied by a proline in all other sequenced PCus.
cyanin, the cupredoxin with the highest active sikg palue, Crystallographic studies on poplar PCu(l) at various pH
and the shortest C-terminal ligand-containing loop, have beenvalues 88) have shown that Pro36 flips from a”@xo
carried out to investigate this proposal furth@&5)( The conformation at pH 7.8 to a’@ndo conformation in the
introduction of extended sequences between the His and Metlow-pH structure. The high degree of flexibility at Pro36 is
ligands results in a decrease in th&,palue of the histidine  thought to be important in allowing the protonated imidazole
as predicted. However, increasing the number of residuesof His87 to rotate away from the copper. A Pro residue
between the Cys and His ligands only reduced tigvalue adjacent to the N-terminal His ligand is a feature that is
of the His and did not abolish active site protonation. Very present in all sequenced amicyanii8)(which also exhibit
recently 66), the introduction of the C-terminal ligand- protonation of their C-terminal His ligand. However, pseudoa-
containing loop from the acidophilic cupredoxin rusticyanin zurin, another cupredoxin in which the C-terminal ligand
into amicyanin results in a variant in which the His ligand protonates, has a glycine in this position [except in the protein
does not protonate. Clearly, the length of the C-terminal loop from Thiosphaera pantotrophavhere it is a Ser {4)].
does influence the ability of the His ligand to become Additionally, studies §9) of the Pro36Gly spinach PCu
protonated. variant show that the nature of the residue at this position

The C-terminal ligand-containing loop B crassirhizoma  has little effect on the Ig, of His87.
PCu is identical in length to those of other members of this ~ Another factor which has been suggested to possibly
class of cupredoxins. The sequence of the loop is slightly influence the ability of the C-terminal His ligand to protonate
different from that normally observed in PCus, but only five in reduced cupredoxins is the solvent accessibility of the
of the nine residues in this loop are conserved among knownactive site {5). The proximity of His87 irD. crassirhizoma
PCu sequences. It therefore seems unlikely that the loopPCu to Phel2 could help to protect the histidine from the
structure plays a significant role in preventing protonation solvent. This conclusion is not supported by studies on
of His87 in D. crassirhizomaPCu(l). Furthermore, residue  stellacyanin and umecyanin, which have very exposed active
86 is a proline in thé. crassirhizomarotein as in all PCus.  sites {6) and which do not exhibit protonation of their
The presence of a Pro in this position, which cannot form C-terminal His ligands in the reduced proteig)
the NH--S(Cys) hydrogen bond as seen in azufii){ for From the above discussion, it would appear that the most
example (a cupredoxin in which the exposed His ligand does likely reason for the absence of His87 protonation in the
not protonate), has been proposed as a possible destabilizingccessible pH range iD. crassirhizomaPCu(l) is the
factor which could result in dissociation of the C-terminal presence of a—x stacking interaction between the imida-

His ligand in the reduced protein at low pla§g). Clearly, zole moiety and the phenyl ring of Phel2. This interaction
this argument also breaks down in the cas®otrassirhi- must stabilize the bound form of the His in the Cu(l) protein
zoma PCu. The inability of His87 to protonate iD. [it has been shown in the case of the His117Gly azurin
crassirhizomaPCu(l) has been attribute®2) to the z—x variant that the dissociation constant for imidazole is

stacking interaction between the imidazole ring of the approximately 5 orders of magnitude larger in the reduced
histidine and the phenyl ring of Phel2 (see Figure 1). This protein than in the cupric forn¥()] and thus lower the g,
could stabilize the bound form of the histidine . to below a pH value at which the Cu(l) protein is stable. It
crassirhizoma&Cu(l). The corresponding position in all other appears that different factors are important in the various
sequenced PCus is a leucine [except in the PCu fromcupredoxins for controlling the ability of the His ligand to
Prochlorothrix hollandicawhere it is a Pro 14)], the side protonate. It has been suggested that the protonation of the
chain of which is not capable of such an interaction with His ligand may have some physiological relevandd).(
His87. However, the situation is more complex than the However, the absence of active site protonationOn
presence of a Phe at position 12 being the sole requirementrassirhizomaPCu and the apparent lack of a clear strategy
for preventing protonation, as in the Leu12Phe spinach PCufor controlling this effect in the different cupredoxins argues
variant His87 has a higheikg value than in thewvt protein against this. It may be that the lability of the His ligand in
(69). The packing of the side chain of the His117 ligand certain reduced cupredoxins is just an artifact of the particular
between the bulky side chains of Met13 and Phe114 has beerprotein’s structure.

suggested70) as the reason for the absence of an active

site protonation in azurin. It should be noted in these CONCLUSIONS
discussions that the histidine ligand will probably protonate  In this study, we have shown that the His87 ligandin

in all reduced cupredoxins, but in many cases, this will occur crassirhizomaPCu(l) does not become protonated in the
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accessible pH range in solution. This is completely consistent 23.

with the data from crystallographic experiments on the

oxidized and reduced proteins at pH 4.5. Furthermore, we

have investigated the et capabilities of this novel PCu by
studying the self-exchange reaction. The self-exchange rate 25,
constant ofD. crassirhizomaPCu determined herein at

neutral pH is the smallest reported to date for a PCu. This is 26. _ :
27. Olesen, K., Ejdelsk, M., Crnogorac, M. M., Kostic, N. M.,

in agreement with the accepted idea that the hydrophobic
patch surrounding His87 is the surface area that two PCu ,g
molecules utilize for the self-exchange reaction. The presence

Biochemistry, Vol. 41, No. 2, 200559

Sigfridsson, K., He, S., Modi, S., Bendall, D. S., Gray, J., and
Hansson, O(1996) Photosynth. Re$0, 11-21.

24. Hippler, M., Reichert, J., Sutter, M., Zak, E., Altschmeid, L.,

of an arc of acidic residues close to the hydrophobic patch 29.
of D. crassirhizomd@Cu hinders proteiprotein association
and thus results in the small self-exchange rate constant.
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