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Kinetics and Mechanism of the Acid Transition of the Active Site in Plastocyanin
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ABSTRACT. Exchange on the microsecond time scale between the protonated and deprotonated forms of
His92 in the copper site of reduced plastocyanin from the cyanobagieataaenavariabilis was monitored

using 1N NMR relaxation measurements. On the basis of the dependence of the kinetics on pH and
phosphate buffer concentration, we propose a two-step model for the protonation of the copper site in
agreement with previous crystallographic studies. It is shown that the proton transfer is the rate-limiting
step in the reaction at low buffer concentrations, whereas at high buffer concentrations, another step
becomes rate-limiting. We suggest that the latter step is a concerted dissociation of His92 from the Cu(l)
ion and a 180rotation of the imidazole ring, which precede the protonation. The first-order rate constant
for the dissociation of His92 from the Cu(l) ion is estimated to be 2.40* s™%. Also, a cooperative

effect of the protonation of the remote His61 on the protonation of His92 and the redox properties of the
protein was investigated by substituting His61 with asparagine. The mutation causes a modest change in
both the X, value of His92 and the redox potential of the protein.

Plastocyanin (PCu) is a small blue copper protein-af. conditions, such as extreme exposure to light, the pH in the
kDa (1, 2). It functions as a small mobile electron carrier in thylakoid lumen in plants or the periplasm in bacteria may
the light reactions of photosynthesis in the chloroplast lumen become highly acidic (pH6) (10). Under these conditions,
of green plants and green algae, and in the periplasm of manythe protonation of His92 in PCu may be one of the
cyanobacteria, where it accepts electrons from cytochromemechanisms that downregulate the photosynthetic activity.
f and transports them to photosystem |. The active redox This change in plastocyanin is known as the acid transition
site of PCu is a copper ion in a distorted tetrahedral and has also been observed for several other blue copper
conformation ligated to a cysteine (Cys89), two histidines proteins such as amicyanirl] 12), stellacyanins 4),
(His39 and His92), and a weakly axially bound methionine mavicyanin (3), and pseudoazuririg). In contrast, none

(Met97). [Throughout this paper, the amino acid numbers of the copper binding histidines in the blue copper proteins
of PCu refer to the sequence of PCu from the cyanobacteriagzyrin (L5) and rusticyanin 16) protonate.

Anabaenavariabilis (A.v.).}] The copper binding imidazole
group of His92 protrudes through the hydrophobic interface
that binds to cytochromiand photosystem | and is thought
to facilitate the electron transfer.

In the reduced, native state of most plastocyanins, the . L
His92 residue has & value of~5 (3—7). Crystallographic that the process may involve a rate-determmmg cpnfprma—
studies have shown that upon protonation, the Cu(l) ion tlonal change. Later, Armstrong et dlgj studied the kinetics
changes to a trigonal planar conformation and the His92 YSing cyclic voltametry but found that the process was t00
imidazole rotates 18tbout the €¢—C# bond @). Asaresult ~ 1@st to be monitored by this technique. However, they
of these structural changes, the redox potential increases,CO”C'Uded that the tran_smon occurs at_a rate faster than 1000
rendering PCu biologically inactive9(. Under certain S = at 3°C. A more rigorous NMR line-shape study by

Lommen and Cantersl?) showed that the rate is on the
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*To whom correspondence should be addressed: Department of . . ..
Chemistry, University of Copenhagen, Universitetsparken 5, DK-2100 recently, it was shown that the acid transition of PCu can be

The acid transition has been studied previously by NMR
and cyclic voltametry. In the early 1980s, Kojiro and Markley
(17) concluded on the basis of NMR line-shape studies of
A.v. PCu that the acid transition 82500 s and suggested
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transition in PCu was found to be remarkably fasP(x NH,CI (in two portions of 0.75 and 3.75 g) was added after
10* st at pH 5 and 25°C), considering the fact that the depletion of the initial NHCI and before induction of
imidazole ring of His92 is ligated to the Cu(l) ion and that plastocyanin expression. All the NMR samples were prepared
only ~7% of the imidazole ring is exposed to the surface as described previousiyl9). The NMR samples contained
according to the crystal structure of PC20). In fact, the 1.0 mM N-labeled H61IN PCu, a 10% J0/90% HO

acid transition is too fast to be a direct proton exchange with mixture, and 100 mM NaCl. A small amount of sodium
the solvent waterl©), because the involved rate constants ascorbate was added to the samples to keep the plastocyanins
would exceed the diffusion limit. This indicates that the fully reduced.

transition is catalyzed by a buffer that can act as a proton Five NMR samples of 1.0 mM®N-labeled reduced WT

shuttle 1). In particular, phosphate is known to enhance PCu in a 10% B0O/90% HO mixture were .
X : - prepared with
proton transfer rea_\ctlons dramatically2( 21-23). different sodium phosphate buffer concentrations. The ionic
We have investigated the effect of phosphate buffer on strength of the five samples was adjusted to 0.1 M by adding
the acid transition to gain further insight into the kinetics compensatory amounts of NaCl. The five WT PCu samples
and mechanism of the acid transition of plastocyanin in contained 0.0, 0.2, 1.0, 10, and 87 mM phosphate buffer.

solution. Most importantly, the investigation reveals the 5o 50 uM sodium ascorbate was added to keep the
presence of a sparsely populated intermediate in the aCidsampIes reduced.

transition of A.v. PCu. The existence of this intermediate
confirms the established view that has emerged from
crystallographic studies), which suggest that the side chain
of His92 has to undergo a 18@, rotation to protonate.
Furthermore, investigation enables us for the first time to

estimate the rates of the individual steps in the acid transition
a N frequency of 50.67 MHz. The pH dependence of the

of plastocyanin. 15N chemical shifts of the backb "
Also, the pH dependence of the exchange rate can provide N chemical shifts of the backbone amide groups was

information about the mechanism. However, the pH depen- igtgirfrg ?:nci frgn:/aa}useesrleusszﬂ\l :jtgrgjsfdecgl dirgr?'grednehdasée d
dence of the exchange rates found previously was difficult | P on. Th ' Y idith glO 000 and 2400
to rationalize in terms of a simple two-state mechanigé). ( pulse sequenc@(. The sweep widths were an

: 1 A i .
Thus, the exchange rate constant was found to decrease witljflfZ n thei H gntd N pll:nensmns,dr_esy;)hecttlvelyg_The n_umbers
an increase in pH above 6.5, which seems incompatible with of complex data points acquiréd in the two dimension were

the simple acid-base catalysis. Instead, it suggests a negativ 048 and 160, respec.tively. Tﬁé\l #S%C §pe|ct;qfr;n Olf
cooperativity between the protonation of His92 and the HOLNA.. PCuwas assigned using the chemical shift values

protonation of other residues. Such a cooperativity would ©f WT A. PCu obtained previouslyLg), and the TOCSY
bias the rate constants, unless it is taken into account. His612Nd NOESY spectra of H61R.v. PCu.
is of particular interest in this context, since it is the only ~ NMR relaxation experiments wittN-labeled H61N and
residue inA.v. PCu that titrates at neutral pHKp= 7.06) WT PCu were carried out on a Varian Inova 800 spectrom-
where the unexpected pH dependence of the kinetics iseter operating at a magnetic field strength of 18.7 T,
observed. It is located-10 A from the copper ion, is  corresponding to &H frequency of 799.51 MHz and ‘&N
conserved in most known bacterial plastocyanins, and is frequency of 81.02 MHz. All relaxation experiments were
present also in plastocyanins from some green algae. Forconducted within 3 weeks from the time the samples were
several other blue copper proteins, it has been found thatprepared. Standard HSQC-bas&dand R, experiments, as
the protonation of histidines on the periphery of the copper described by Farrow et al2§), were conducted. Each set
site can change the reduction potential significantly, and that of relaxation experiments was recorded on separate samples
this change may be involved in the pH regulation of the prepared from the same stock solution. Eight scans were
copper site reactivity in biological systemA(-26). His61 acquired for each FID, using sweep widths of 11 990 and
in bacterial PCu may have a similar function, and because 3400 Hz in the'H and*N dimensions, respectively. The
the effect of the protonation of His6l is likely to be npumbers of complex data points were 2048 and 180,
electrostatic, it may influence th&pvalue of His92, giving  respectively. EaclR, experiment consisted of eight spectra
rise to a cooperative protonation. To further investigate this with different relaxation delays ranging from 0.01 to 1.9 s,
hypothesis, we have, therefore, mutated His61 to asparagingvhile the R, experiments consisted of 11 spectra with
and examined the effect of the mutation on the protonation re|axation delays ranging from 0.0 to 176 ms. In ¢ R,
of His92 and the reduction po_tential of the copper site, using experiments, a CPMG pulse was applied to the protons and
NMR spectroscopy and cyclic voltametry. the N nuclei 28). The interpulse delay, in the CPMG
pulse was 8 ms fotH and 1 ms for*>N.

Chemical Shift AnalysisThe pH dependence of tHéN

Preparation of WT and H61N A.PlastocyaninThe gene and!H chemical shifts of WT PCu was published previously
encoding the H61M .v. plastocyanin was obtained by PCR- (19, 29). The pH dependence of tH&N and*H chemical
based site-directed mutagenesis using the QuickChange kishifts of the backbone amide groups of H61N PCu was
from Stratagene and the WT gene as the temple@e The analyzed as described previous©). The chemical shift
sequence was confirmed by DNA sequencing. WT and H61N titration curves of H61N PCu were fitted to the observed
uniformly *>N-labeledA.v. plastocyanin was expressed and chemical shifts (see Figure 4)sps FOr a given nucleu®ops
purified as described previousl2@), except that 4.5 g of  is given by

NMR SpectroscopyAll NMR experiments were carried
out at 298 K. NMR chemical shift titration experiments on
N-labeled H61N PCu were carried out on a Varian Inova
500 spectrometer operating at a magnetic field strength of
11.7 T, corresponding to'#d frequency of 499.97 MHz and

EXPERIMENTAL PROCEDURES
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whereN is the number of titratable residues that affect the V; 10 ? 1
chemical shift of the nucleud\d; is the chemical shift change <« 5[ A 2 .
of the nucleus associated withkgp, andd, is the chemical 0 [otieSoigmmsmmn | oot ies” Vimst W amtd ¢ Wb Sty
shift when allN titrating residues are deprotonated. Equation 0 10 20 30 40 50 60 70 80 90 100
1 assumes that aN titrations are mutually independent. The .
titration curve for each nucleus was fitted independently Residue Number

using eq 1 and increasing valueshfintil a satisfactory fit ~ FIGURE 1. Rex contributions in reduced WA.». PCu at pH 5.3

- . - and 25°C in the absence of phosphate buffér) (and in the
was obtained. Subsequently, the); contributions were presence of 87 mM phosphate buff@)(In the absence of buffer,

assigned to the protonation of specific groups according to the signal from His92 was not observed in the relaxation experi-
the correspondingky, values. ments because of extensive line broadening.

Determination of Exchange Rate Constants, Khe
exchange rate constank., for the exchange between _ _ L
protonated and deprotonated His92 was determined ¥iim and electrodes were confined in a Faraday cage to minimize

exchange contribution&ey, derived from thé*N R, andR; electrical noise. To avoid unnecessary impurities, the refer-
relaxation rates as described previouslg,(30), using the ence electrode was a freshly prepared reversible hydrogen
approximation B electrode, checked against a saturated calomel electrode after

each measurement. All potentials reported are versus the

; normal hydrogen electrode. A clean Pt wire served as the

Ry =R, — RlE;D-F A, (2) counter electrode. Edge plane graphite (EPG) working
1 electrodes were used. Before each measurement, the EPG

. - _ was polished with 1.0 and 0.0@m Al,O3 slurry and
Here,A; is an empirical correction that compensates for errors |,jtrasonicated twice in Millipore water. The EPG was

introduced by picosecond to nanosecond internal dynamicspolished several times for each protein solution, and several
(19, 30). The A; values determined previously for WT PCu  cyclic voltamograms at different scan rates were recorded
(19) were used for H61IN PCu. THe contributions arising  to check both stability and reproducibility. Electrolyte
from the protonatiorrdeprotonation process of His92 were  solutions were deoxygenated by Ar (5 N) and purified with

analyzed according to a two-site exchange Chrompack €50 ppb oxygen). All glassware was cleaned
. . as previously describe®Y). Millipore (Milli-Q Housing,
AH " =B+H 3) 18.2 MQ) water was used throughout.

The ?_xchange rate constamht,, was obtained using the RESULTS AND DISCUSSION
equation
Phosphate Catalysis of His92 Protonatioithe pH
2 Tcpkex dependence of the exchange radg, for the protonation of
Tcpkex tan 2 (4) His92 found in previous studied 9) of the acid transition
of A.w. PCu suggests that the rate-determining step in the
where reaction is the proton transfer step. To further substantiate
this suggestion, phosphate buffer was added to freshly
PP, = (2 + 10PHPKa g PKaPHy 2 (5) prepared samples of WRA.o. PCu. Phosphate buffer is
known to catalyze proton transfer reactions, and for a simple
Ad is the chemical shift difference between the protonated two-state mechanism, the proton transfer rate increases
form, A, and the deprotonated form, B, of His92, whie linearly with buffer concentration2(l). Therefore, the rate
and p, are the populations of A and B, respectively. of exchangeke, betweer_w protonated and deprotonate_d His92
Furthermore,B, is the magnetic field strength is the was measured at fourdlfferent phosphate concentrations (0.2,
gyromagnetic ratio, andc, is the interpulse delay of the %_th a_nd 87 m“(l]) andkln the absenc_e oflpf)_hosphatel b“ff?f-
CPMG pulse train applied to th&N nuclei in the R, e ionic strength was kept constant in all five samples, via

. . addition of compensating amounts of NaCl. No changes in
experllment._Thgké _and p(avglues were obta_lned from the the amide chemical shift upon addition of phosphate were
chemical shift titration, allowindex to be obtained from eq

4 A detailed d ini f th lied h observed, which rules out the formation of a stable complex

- A detalied description of he applied approach Was petwyeen His92 and phosphate suggested previougy (
published previously1®). _ Instead, the addition of phosphate caused a dramatic decrease

Electrochem|stryReduct|0n_potentlals of WT anq H61N_ in Rey for the amide™sN nuclei spatially close to the His92
A.v. PCu were measured at dlfferent.pH values using cyclic imidazole, as shown in Figure 1 for a 87 mM phosphate
voltametry (CV). The pH of the solution was controlled by puyffer at pH 5.3. This decrease R clearly reflects an
phosphate buffer prepared by mixing KPO, (suprapur,  increase in the exchange rate. Figure 2 shows the exchange
99.995%, Merck) and #1PO; (suprapur, 99.99%, Merck).  rate calculated from thBe terms, versus the concentration
KCIO4 (99.99%, Sigma-Aldrich) was used as the supporting of phosphate buffer. Thus, from the strong dependence of
electrolyte to increase the ion conductivity. kex On the phosphate buffer concentration, one can conclude

CV at room temperature (223 °C) was performed on  that proton transfer is the rate-limiting step of the His92
an Autolab system (Eco Chemie) controlled by the General protonation at low buffer concentrations. Also, it is worth
Purpose Electrochemical System. The electrochemical cellnoticing that even a few hundred micromolar phosphate

1
R = AézyzBozpapr[l -
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diagram for the protonation reaction of H92 in plastocyanin at low
FiIGURE 2: Rate of exchangék,, between protonated and depro- phosphate concentrations-Y and high phosphate concentrations
tonated His92 in reduced WA.v. PCu as a function of phosphate  (— — —).
buffer concentration at pH 5.3 and 2&. The solid line is the
least-squares fit of eq 7. The two dashed lines are the extrapolatedanalysis using eq 7 (Figure 2), rate constaatandk, have
tangents of the fit at zero and infinite phosphate concentrations. ya|ues of 2.4x 10¢ st and 3.9x 108 st M1, respectively.
The inset shows a close-up of the data points obtained at low As suggested above and supported by the crystallographic
phosphate concentrations. ; . . .
data, the first step in the proton transfer reaction, eq 6, is
the dissociation of the His92 imidazole ring from the Cu(l)

enhanced the proton transfer significantly, as shown in . . X A
Figure 2. ion and a 180 rotation of the ring as sketched in Figure 3.

Imidazole RotationAs seen from Figure 2, the dependence !t follows from eq 6 that the observed macroscopic acid
of ke ON the phosphate buffer concentration deviates from dissociation constant is given by
the linear dependence expected for a two-state mechanism. U
This nonlinear dependence can be explained if the protona- K = E @)
tion reaction of His92 includes a sparsely populated inter- 2Ky
mediate. Crystallographic studies of PCu at different pH
values suggest that the protonation of the copper-ligatedwhereKy (=pu/ps) is the intramolecular dissociation con-
His92 occurs in at least two steps. First, the imidazole stant for the detachment of His92 from the Cu(l) ion and
dissociates from the Cu(l) ion and rotates 188llowing K;’ (= [H"]pu/pun*) is the microscopic acid dissociation
the N’ atom of the His92 imidazole ring to be exposed to constant of UH. The parameterps, py, andpyy+ are the
the solvent 8). Second, the imidazole ring is protonated. populations of the B, U, and UHconformations, respec-
Thus, the protonation reaction of His92 includes at least the tively.
following steps From eq 7, it can be seen that whien > k_,[H,PO. 7],
kex Will depend linearly on the phosphate buffer concentration
and protonation is the rate-limiting step. In contrast, when
ko1 < kg[HPOy ], kex is independent of the phosphate
concentration and the flipping of the imidazole ring is rate-
where B is the form in which the His92 imidazole ring is limiting. In the case wher& ; = k_;[H.PO,7], the inter-
bound to the copper ion, U is the form in which it is detached mediate is equally likely to become protonated or to flip back
from the copper ion, and UHis the form in which the and bind the copper ion. The rate constakts and k—,
unbound imidazole ring is protonated. As found experimen- cannot be determined independently from the phosphate
tally (see above), the proton transfer, i.e., the second step independence d... Only their ratio can be determined, which
eq 6, is slow and rate-limiting at low buffer concentrations. was found to be 8.2 mM. This ratio corresponds to the
However, the rate of the proton transfer increases with an H,PO,~ concentration where both processes are equally fast.
increase in phosphate concentration, makingndependent ~ However, since the rates of the proton transfers between O-
of the proton transfer rate at the higher phosphate concentraand N-acids and bases of similar strength usually are close
tions. According to eq 6, the exchange rate constant is givento the diffusion limit 1), it is possible to give a rough
by estimate of the population of the intermediate, by assuming
a reasonable rate constant at the diffusion limit. For free
k_,[H,PO, ] imidazole, the rate of proton exchange with phosphatedis
Koy = Ky — x 10 st M~ (21). Here, His92 is partly buried in a
Koyt k[HPO, ] hydrophobic protein environment, which most likely will
k_,[HPO,*] slow the reaction. Therefore, the rate constant was assumed
. —+ Kk (7) to be between ¥oand 10 s M~% As shown in Table 1,
kg + Kk o[HPO, ] k—, rate constants in this range imply that the intermediate
is 0.3-3% populated compared to the copper-bound form
wherekg is the exchange rate constant in the absence ofof His92. In turn, this implies that thekp value of the
phosphate buffer. As shown in Figure 2, eq 7 is in good intermediate is between 6.6 and 7.6, which is a typical range
agreement with the experimental data. According to the for a surface-exposed histidine not involved in metal binding.

— kl — k—Z + 2—
B+ H,PO, === U +H,PO,” ==UH" + HPO (6)
—1
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Table 1: Kinetic and Thermodynamic Parameters of the Acid pH dependency of the kinetics carried out in unbuffered

Transition inA.v. PCu for Different Values ok_, According to the solutions (9). These studies showed several unexpected

Reaction Scheme in edt 6 results. Thus, in the absence of buffer molecules, the proton

Koo (s 1M1 Kq Ki(sh) k(sMY k(s pKY traaner 3houldfm plfilnuple beha} purecjly|§p§0|f|c, gC|d—ba§eH
10x 10 3.1x10° 84x1F 39x10° 24x10° 7.6 fﬁta yzed trans h ql_WeVFr'.t ety .'nconS'Ste”tr‘]N't
50x 10 60x 102 41x 10 39« 1 24x10° 73 the previous results. To ¢ arify t is inconsistency, we here
10x 108 3.0x 102 82x 10°F 3.9x 108 2.4x 10* 6.7 investigate two possible effects: (i) an interference from an

aThe rate constants, kr, andk-1 were obtained from the fit of eq antiCOOpera_t,ive pmtonatior,‘ between Hi39_2 and the remote
7 to the experimentai values at different phosphate buffer concentra- His61 and (ii) a general acid-base catalysis by one or more
tions. The thermodynamic parameters are derived from the rate unidentified buffers. As shown below, these two effects
constants. together can explain the previously observed pH dependence

of the protonation of His92 in the absence of added buffer.

Furthermore, if thé_, < 108 s" M1, a substantial fraction =~ The former effect is studied by comparing WALy. PCu
of plastocyanin would be present in the U form (see eq 7), with its H61IN mutant through differences in chemical shifts,
i.e., the intermediate in which His92 is detached from the pKa values, and redox potentials, while the latter effect is
copper. Since this intermediate, to the best of our knowledge, studied by analyzing the pH dependenceégfof both WT
has never been observed directly by any method, it seemsand H61N PCu. To evaluate the effect of the deprotonation
quite unlikely that it should by highly populated. In conclu- of His61 on the structure of the Cu(l) site of PCu, and to
sion, the ranges of kinetic parameters given in Table 1 areinvestigate a possible cooperativity between the protonation
consistent with theory and with previous experiments. and deprotonation of His61 and the copper ligand His92,

Finally, the indication here that proton transfer occurs His61 was mutated to asparagine. Asparagine was chosen
between the protein and other nonsolvent molecules is inbecause it has no net charge.
line with intensive studies of the active site protonation of =~ Chemical Shift Analysis of H61IN PCH61N A.v. PCu
carbonic anhydras&®). Known as one of the most efficient contains 13 groups that titrate in the pH range from 3 to 9.
enzymes, carbonic anhydrase requires a very fast proton fluxThe pH dependence of all the observed chemical shifts could
through its active site. This very fast proton flux puzzled be fitted satisfactorily by eq 1, including from zero to two
researchers for years, because it suggested that the rate dftrations. The titratable groups in H61A.o. PCu include
proton transfer reactions exceeded the diffusion limit. The five glutamate and five aspartate side chains, the C-teminal
problem was solved when it was realized that buffer carboxylate group, the N-terminal amino group, and His92.
molecules are responsible for the proton trans® 83). The titration of His92 is clearly the titration that affects the
Thus, the proton is initially transferred to a histidine residue, most nuclei, whereas th®d; values caused by other titrations
which subsequently transports the proton to the active siteare comparably smaller on an average. Carboxylate groups
(32, 349). in WT and H61N PCu havelf values below 5, with the

In the case of plastocyanin and amicyanin, the biological exception of Glu30, which has &pvalue similar to that of
importance of the proton transfer rate as such is unknown. His92 (19). However, the impact from Glu30 titration is
Still, it is interesting that even in the case of histidine considerably smaller than the effect from His92. Therefore,
protonations, which cannot be related directly to biological titrations associated withKp; values from 5.2 to 5.6 were
function, the rate and mechanism can be similar to the assigned to His92 except for residues witll A of the
functionally essential protonation of the active site of carboxylate group of Glu30. From the average of thg p
carbonic anhydrase. Moreover, these considerations suggestalues assigned to the His92 titration for individual nuclei,
that under physiological conditions, direct proton transfer a pKsvalue of 5.41+ 0.01 was obtained for His92 in H61N
from solvent water to histidine residues is of little importance, PCu. Titrations associated with &pof <5.2 were assigned
because the physiological concentration of buffer molecules to carboxylate groups, and titrations with lé.pof >7 were
is several orders of magnitude larger than the Gidd Hf assigned to the N-terminal amino group.
concentrations. Another striking aspect of the His92 proto- Comparison of WT and H61N PCu NMR Chemical Shifts.
nation is that it requires a fast rotation of the imidazole group, A possible change in the structure of the Cu(l) site of PCu
i.e., 2.4x 10* st or faster. This may seem counterintuitive induced by the H61N mutation was investigated by compar-
since His92 is ligating the copper ion and several side chainsing the amide chemical shifts of H61N PCu and the His6-
pack closely against the imidazole ring. Thus, the fast rotation deprotonated form of WT PCu at pH 7.0. The chemical shifts
suggests a substantial flexibility of the copper site and its of His61-deprotonated WT PCu were calculated from the
proximity. The rotation is probably facilitated by even faster parameters previously obtained from the chemical shift
overall motions on the nanosecond or even picosecond timetitration curves of WT PCul{9, 29). It was found that the
scale, which open up the structure sufficiently to accom- differences in chemical shift are modest, ranging froth3
modate the imidazole rotation. Therefore, the rotation of the to 1.5 ppm for the amidé&N and from—0.32 to 0.37 ppm
imidazole may be an indicator of the copper site dynamics, for the amide protons, the average values being 0.23 ppm
a characteristic that may be important for the unique redox for N and 0.052 ppm for protons as shown in Figure 5.
properties of blue copper proteins. The largest changes are observed for residues-569,

Protonation Rate in the Absence of Buffébove, the H39-V41, and S7+T75. These three regions are in the
kinetics of the acid transition was studied through the buffer immediate proximity of the His61 imidazole ring in WT PCu
dependence of the exchange ralg, Below, the pH where chemical shift changes are expected because of the
dependence ofe is investigated in the absence of added removal of the aromatic ring. [It should be noted that in the
buffers, to establish consistency with previous studies of the crystal structure ofA.v. PCu @0), the side chain of His61
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different nuclei: (A) amidéH of residue 61, (B) amidéN of His92, and (C) amidé®N of Val41. The dashed and solid lines represent
the least-squares fit of eq 1 to the chemical shifts of WT and H61N PCu, respectively.
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Ficure 5: Difference in the amide chemical shifsyony, between H61NA.v. PCu and WTA.v. PCu where His61 is deprotonated. Panel

A shows the combined amide proton and nitrogen chemical shift differénig, = «/(A(SN)2 + (SA(SH)Z. The black dot @) represents the

value of the NH group of the copper-ligated imidazole ring of His39. In panel B, the structure &.WPCu (PDB entry 2GIM) Z0) is

colored according to the size dfdny: red for Adyy = 0.5 ppm, yellow for 0.5 ppm» Adny > 0.2 ppm, and green fakony < 0.2 ppm.
His61 with its two side chain conformations is colored magenta, and the copper ion is colored blue.

assumes two different rotamers, one in which the imidazole the chemical shift titrations are shown in Figure 4. It is
ring is oriented toward residues K6264 and H39-V41 unlikely that structural changes are the reason for the larger
and one in which the imidazole ring interacts with residues pK, of H61N PCu, since the mutation seems to have little
T72—-T74.] Smaller chemical shift differences are also effect on the structure of the His92 environment, as discussed
observed in regions more distant from the position of residue above. More likely, the increase in th&pis caused by an
61, such as G26N33, T4-L7, Y88, E90, and G99. These electrostatic effect. Thus, in WT PCu, the His61 residue is
differences may be caused by subtle structural changes inprotonated and carries a positive charge when His92
the structure. titrates. In contrast, in the H61N mutant, this charge is absent
Most importantly, the chemical shifts of the C-terminal and the K, of His92 is increased by 0.32 pH unit,
copper binding loop, residues C8M97, are affected very  corresponding to a 1.8 kJ/mol stabilization of the protonated
little by the mutation, and only the copper ligand, His39, form of His92. This value is close to the values of the
shows a sizable change in the backbone chemical shift whileelectrostatic interaction free energy obtained using finite-
the NF and H atoms of its copper binding imidazole group size dielectric continuum models for the globular protein
have unchanged chemical shifts. Therefore, the NMR dataembedded in a dielectric solvent environme8g,(36).
suggest that the H61N mutant closely mimics the His61- Therefore, the results here indicate an anticooperative effect
deprotonated form of WT PCu with respect to the structure between the protonations of His92 and His61, whereby the
of the copper site and the structure around His92. This deprotonation of His6l stabilizes the protonated form of
conclusion is further supported by the chemical shifts His92 by 1.8 kJ/mol.
changesAd, observed for the amid®N and*H nuclei in Changes in the Redox Potential of PChlectrostatic
the WT and H61N plastocyanins upon protonation of His92 effects responsible for the change in th& palue of His92
(see eq 1). Thus, thAd values are almost unchanged for are likely also to affect the redox properties of the copper
all corresponding residues, including all four copper ligands, ion, since the imidazole ring of His92 and the copper ion
in the two plastocyanins. are very close to each other. Therefore, the reduction potential
Anticooperatie Protonations of His92 and His6Erom of both WT and H61NA.». PCu was measured at different
the pH dependence of the amitté and'>N chemical shifts, pH values.
the (K, of His92 in H61NA.v. PCu was found to be 5.4% Previous studies of PCu from. variabilis and Scenedes-
0.01, which is 0.32 pH unit larger than th&pof 5.09 + mus obliquug37, 38) indicated an electrostatic interaction
0.01 obtained for His92 in WR.». PCu (9). Examples of between the copper ion and a charge at position 61. Both of



Mechanism of the Acid Transition in Plastocyanin Biochemistry, Vol. 46, No. 50, 200714625

6

0.37 |

0.36 5T 4’
> 035 Q 4t @
- 0.34
' X 3r (D
o g
0.33 =
k 2t @Gﬁl %
0.32 & 8
R I § %0 IQ__(, _»>
5 6 7 8 9 el
pH é; §+

Ficure 6: Reduction potential of WIA.». PCu ©) and H61N
A.v. PCu @) vs pH at room temperature. The solid and dotted
lines represent the least-squares fit of a single and double titration |A5| ppm

to the reduction potential of H61N and WT PCu, respectively. FiGURE 7: Square root oRe Vs the change in th&N chemical

. .. . shift, |Ad|, associated with His92 protonation in reduced H61N
these plastocyanins have a His in position 61, and for both 5 ,, ‘pcy at pH 6.86@) and pH 5.88 ©). The lines represent

of them, a pH-dependent redox potential was observed, thejeast-squares linear fits to the equatigR,, = f(|Ad|) according
reduction potentials being increased B¢5 mV when the to eq 4.

pH is decreased over a pH range around pH 7 where H61
titrates. With a further decrease in pH, a larger increase in second logarithmic term and assuming a single titration
the reduction potential is observed due to the His92 proto- model, the analysis resulted in &pvalue of 5.1+ 0.1 for

nation. His92 in reduced H61IN PCu. At pk8, the reduction
The pH dependence of the reduction potential of YALE potential of the mutant is-10 mV smaller than that of WT
PCu was analyzed using PCu, as shown in Figure 6. This difference is likely to reflect

effects other than electrostatic effects, e.g., structural. A
1 4 1P PH 9 residual bimodal feature in tHe°/pH profile of the mutant
1 4 1QPKPH ©) protein can in fact be distinguished in Figure 6. However,
using the full eq 9, the amplitude of the pH-8 region is

where [K, is the acid dissociation constant of His92 in only 8=10 mV, i.e, significantly smaller than for the WT
reduced PCu andKared and [K.°* are the acid dissociation protein and close to th&° difference between the two
constants of His61 in reduced and oxidized PCu, respectively.Proteins at the high-pH limit. This seems to indicate also
FurthermoreR is the molar gas constarf, is the Faraday that minor structural effects are induced by the H61N
constant,n is the number of e|ectron§; is the absolute mutation, in addition to the purely electrostatic effects.
temperature, anf is the reduction potential of PCu where ~ Thus, overall, the electrochemical studies of the WT
both His92 and His61 are deprotonated. protein support the NMR results, and together, the two
The analysis of the pH dependence of the reduction @pproaches support the suggestion of anticooperative pro-
potential of WT Av. PCu obtained here supports the tonation of His92 and His61 caused by a primarily electro-
electrostatic interaction between His61 and His92. Thus, anstatic interaction of~1.8 k/mol between the two residues
analysis of the data in Figure 6 using eq 9 gat@ palues ~ in WT PCu.
of 7.0+ 0.2 and 6.7 0.2 for His61 in the reduced and the ~ Exchange Rate in H61N A.PCu of the Protonation and
oxidized form of WT Aw. PCu, respectively, while the = Deprotonation of His92The rate of exchangéey, between
difference between the twd<gvalues is 0.3t 0.05. Notice the His92-protonated and deprotonated form was obtained
that the difference is more accurately determined than thefrom the >N exchange contributionsRey, as described
pK, values themselves, because the errors in faevplues  previously (9). Theke rates were determined from the slope
are correlated. For thekp of His92 in the reduced form of  of @ as a function of Ad|, according to eq 4 (see Figure
A.w. PCu, a value of 4.6- 0.2 was obtained, in reasonable 7). The obtained exchange ratks, show a decreasing trend
agreement with the value of 5.1 obtained by NME9)( with an increase in pH below pH 6 and an increasing trend
Qualitatively, the increase in the His6Kpvalue upon above pH 6. Thus, a decreasing trend around pH 7 is not
reduction of PCu shows that His61 is more easily protonated, observed in contrast to previous studies of the WT protein
and thus more easily charged, if the copper ion is only singly (19). Except for this difference, the rate constants are very
charged, as Cuin the reduced form, than if the copper ion similar to those previously obtained for WT PCu.
is doubly charged, as Cuin the oxidized form. Quantita- Importance of the Anticooperat Protonation for the
tively, the difference of 0.3 pH unit between the His@,p  Determination of k in WT PCu.As discussed above, the
value of reduced and oxidized PCu corresponds to a 1.7 kJ/elevated K, value of His92 in H61N suggests that thi€ p
mol stabilization of oxidized PCu when His61 is deproto- of His92 in WT PCu increases upon deprotonation of His61.
nated, in good agreement with the 1.8 kJ/mol stabilization Electrochemical measurements support this suggestion. In
of the His92-protonated form of reduced PCu when position principle, this anticooperative protonation also influences the
61 is uncharged, as indicated by the comparison of WT and chemical shift titration curves of WT PCu. However, because
H61N PCu (see above). of the small change in theKa of His92 caused by the
The pH dependence of the reduction potential of H61N anticooperativity and because of the large difference in the
A.v. PCu was also analyzed. Using eq 9 while omitting the pK, values of His61 and His92, the effect will be too small

E°=E,+ ';-FT In(1 + 107<P") +In
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to be observed, yet the anticooperativity has a significant 35000 " " " " 061
effect on the exchange contributions caused by His92 30000
protonation at neutral pH. At pH 7, there is onlyl% of 25000
the protonated form of His92, and the exchange contribution 7 50000
is proportional to this population, according to eq 4. A change
in the K, of His92 by 0.3 pH unit upon full protonation of
His61 will double the population of the protonated form of
His92 and, thereby, double the exchange contribution.
Consequently, the exchange rate constkqt,that can be 0
derived fromRex using eqs 4 and 5 will be underestimated
by a factor of up to 2 when His61 is fully protonated, since 50000
the exchange contribution depends approximately inversely 40000
on the exchange rate. -
The effect of anticooperativity between the protonations (o
of His92 and His61 on the exchange rate constantcan
be included in the calculation d§x by introducing a pH- =~
dependent K, value of His92:

15000
10000
5000

kex

30000 } o

ex

20000

ApK, g 5 6 7 8

PKa= PRt T i o (10)

where K4 is the [, of His92 at low pH obtained from the
chemical shift titration curves Ky, is the K, of His61, and s
ApK, is the increase in theKp of His92 when His61 y
deprotonates. In the previous study of the pH dependence ¢
of the kex exchange rate for WT PCU9), we observed an
apparent decreasing trendkig with an increase in pH above
7, which is not observed in H61N PCu. However, if the pH 0
dependence of theKp of His92 can be taken into account oH

us_,lng eq 10, .th(.a appare.nt dgcreasmg trendeincan be FIGURE 8: Rate of exchangd,, of protonation/deprotonation of
eliminated. This is shown in Figure 8A, where, by and large, Hisg2 vs pH in reduced WA.o. PCu ©) and H61NA.v. PCu @)

the decreasing trend is eliminated for K, of 0.3. at 25°C. The exchange rates were calculated from the experimental
Therefore, the trend previously observed for WT PCu can relaxation data. Panel A shows the effect of the anticooperative

; i i ; ; ; _ protonation of His92 and His61 on the exchange rate obtained for
be interpreted as an artifact, which arises if the anticooper WT A PCU for a series of values afpK., the increase off, of

ativity betwe_en His61 and His92 protonation is neglected. \yt pcy caused by the anticooperativity (see eq 10). In panels B
In the following, the exchange rate constants of WT PCu and C, the exchange rates of WT PCu were calculated assuming a

are corrected for anticooperativity using eq 10 artipK, cooperativity of ApK, = 0.3. In panel B, the exchange rates are
of 0.3. analyzed according to the specific acid-base mechanism (eq 11).
Kinetic Model for the His92 Proton Transfethe pH In panel C, the exchange rates are analyzed according to the general

acid-base catalysis with two catalytic species with differeii p

dependence d&x contains information about the mechanism  5j,es (see the text).

of the proton exchange of His92. The simplest mechanism

involves a proton transfer from the solvent water, i.e., a components that mediate the proton transfer, such as buffers
specific acid-base catalysis. If both protonation by protons and impurities in the NMR samples, or other acidic and basic
and deprotonation by hydroxide ions are includeglis given groups within the plastocyanin molecule itself, all of which

by may act as general acid-base catalysts. Here, an intramo-
oH A . - lecular proton transfer seems unlikely since the imidazole
Kex =Ko Ky([H'] "+ K, )+ k(H']+KY) (11) ring is surrounded by hydrophobic residues, and no acidic

o _ _ or basic groups are close to the imidazole group. Instead, an
However, as shown in Figure 8B, this model provides only intermolecular proton transfer seems probable. Even though
a poor fit to the experimental data. Moreover, the obtained no buffer was added to the NMR samples, impurities in the

rate constantss" andkj, are~2 x 10" and 1.5x 10° sample or remnants of buffer used during the purification
M~* s, respectively, for both WT and H61N PCu; thatis, may be present.
the obtained second-order rate constant for the Cadalysis Although the precise amount of impurities in the NMR

exceeds the fast diffusion limit of 3bM~* s71. By way of samples here is not known, it is likely that the total amount
comparisonkS™ andk) of free imidazole in dilute aqueous  of acidic and basic impurities is in the range of 91LmM,
solutions are both-2 x 10 M~ st at 25°C (21). In the even in the most carefully prepared samples. Also, since the
case of His92 protonation, one would expect a rate constantnative protein itself is a buffer, protons may exchange
well below this value, because the protonation of the between the plastocyanin molecules. Transient self-associa-
imidazole ring of His92 is competing with the copper tion has previously been observed far. PCu by para-
binding. Therefore, the proton transfer of His92 in PCu magnetic NMR 89). Thus, the protein concentration is 1
cannot occur directly between His92 and the solvent water. mM, and the protein molecule has 24 titratable groups at
Instead, the proton transfer must be catalyzed by otherthe surface of the molecule, that is, 12 side chain carboxylate
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groups, two histidine imidazole side chains, nine side chain process, which at low buffer concentrations is rate-limited
amino groups, and one arginine. Therefore, the native proteinby proton transfer between His92 and the buffer. At high
itself may contribute substantially to the exchange rate. buffer concentrations, the other step becomes rate-limiting.
Unfortunately, it is difficult experimentally to distinguish this ~ This step is most likely a step in which the imidazole ring
contribution from those caused by impurities, since a dilution of His92 detaches from the copper and rotates’188us,

of the protein concentration also dilutes the concentration via measurement of the rate of the acid transition at high
of the impurities. Finally, as found previousI$Q), samples buffer concentrations, the rate of dissociation and rotation
that were only a few weeks old exhibited significantly smaller of the copper binding imidazole ring of His92 is obtained.
Rex values than freshly prepared samples, indicating an In turn, this rate may provide a way to probe the intrinsic
enhanced exchange rate. The chemical shift values in theselynamics of the copper site in plastocyanins as well as in
samples remained unchanged compared to those of freshlyother blue copper proteins.

prepared samples; however, weak signals from a small Also, it shows that the proton transfer does not take place
amount of denatured protein were clearly visible in the directly between the copper-ligated His92 and solvent water,
HSQC spectra of the older samples. Thus, a buildup of acidic according to a specific acid-base catalysis. Instead, the proton
and basic impurities produced by minor denaturation fol- transfer step in the acid transition is governed by general
lowed by slow peptide hydrolysis could plausibly give rise acid-base catalysis under all the sample conditions applied
to the enhanced exchange rates observed in older samplesiere. Thus, like in other enzyme-catalyzed protonati@as (

The general acid-base catalysis is described by 34), the protonation/deprotonation involves a buffer, which
accelerates the process dramatically. The extreme sensitivity
B+ XH* g UH' + X (12) of the proton exchange ratk., with respect to even small

Ko concentrations of acidic and basic molecules is illustrated
_ _ ) by adding increasing amounts of phosphate buffer to the
where XH" and X are the general acid-base catalysts, sample. In the absence of added buffer, the proton transfer
respectively. Here the intermediate, U (see eq 6), is ignoredis stijl| active. Although we cannot decide which molecules
because the rearrangement is far from being rate-limiting catalyze the process under these circumstances, it is likely
when no buffer is added to the samples, and therefore, thethat small amounts of impurities arising from the protein
presence of this sparsely populated intermediate does nopyrification or degradation of the protein, or ascorbate added
affect the pH dependence k. From eq 12, it follows that o avoid oxidation, may catalyze the proton transfer. In
the exchange rate constakt,, for the general acid-base-  addition, proton transfer may also occur between different

catalyzed, intermolecular proton exchange is given by protein molecules with many acidic and basic groups on their
surface such as the plastocyanin molecule, even at concentra-
N Ki\t K H tions of 1 mM.
Kex = ZlcikZi 1+ N + E 1+ T (13) Elucidation of the pH dependence of the proton transfer
= [H'] i i mechanism obtained here relies partly on the determination

. of an anticooperativity between the protonations of His92
wherec, kyi, andK; are the total concentrations, the second- nd His61. Thus, the studies here of the H61N mutant of

order rate constants, and the acid dissociation constants Oﬁ.u. PCu reveal an electrostatic interaction (1.8 kJ/mol)

the acid catalysts, K™, respectivelyN is the total number between His92 and His61 located-185 A from each other
of different catalytic acid-base pairs. The simplest model, which gives rise to the anticooperativity. When the antico-

which can account for the observed pH dependenda,of operativity is included in the derivation &« from the >N

'thOIVIeS tWOI spec:ce;I\{ N '[Z)II tl.t shoul_d be notetdbthgt the d relaxation data, the pH profile of the kinetics is in agreement
actual K, values of the catalytic species cannot be derived, with a general acid-base catalysis.

since basically any combination oKpvalues gives satisfac-
tory fits to the experimental data. Only it is required that at ACckKNOWLEDGMENT
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The second-order rate constants thus obtained can only be

interpreted qualitatively; the orders of magnitude are still SUPPORTING INFORMATION AVAILABLE

reasonable. It_is, therefore, conclude_d that the fast protqn Tables of théN and*H chemical shifts of all nuclei that
exchange of His92 takes place according to the general acid-.g pe observed in théN HSQC spectrum of HE1M.v.
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CONCLUSIONS

In COQCIUSIOH, the. study .p'rOVIdeS new InS'Ight .mto the 1. Hope, A. B. (2000) Electron transfer amongst cytochrdine
mechanism of the acid transition of plastocyanin. Itis shown plastocyanin and photosystem I Kinetics and mechanisms,
that the acid transition iA.v. plastocyanin is a two-step Biochim. Biophys. Acta 1456—26.
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