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ABSTRACT. The thylakoid transmembrampH is the sole energy source driving translocation of precursor
proteins by theApH/Tat machinery. Consequently, proton translocation must be coupled to precursor
translocation. For the precursor of the 17 kDa protein of the oxygen-evolving complex (pOE17), the
protein translocation process is characterized by a steep drop in efficiency at an external pH below 7.0
and above 8.7. As the membrangH is virtually unaffected from pH 6.5 to 9.2, the loss in import
efficiency is a consequence of the titration of multiple residues within the translocation machinery. Transport
is retarded by a factor of-23 in deuterium oxide (BD) relative to water, strongly suggesting that proton-
transfer reactions limit translocation rate. The solvent isotope effect manifests itself after the precursor
binds to the membrane, indicating that the rate-limiting step is a later event in the transport process.

Two distinct translocation machineries transport precursor of precursor translocation have not been deciphered as they
proteins across the thylakoid membrane from the stroma intoare precursor protein dependent, althodgp-driven elec-
the lumen, the cpSec machinery and the cpTat machinerytrophoretic movement appears to be utilized in some cases
(a.k.a. theApH-dependent translocase). Homologous trans- (11, 13, 19-24). Note that it is unlikely that &y plays a
location machineries are utilized to export precursor proteins role in cpSec transport due to the low steady-staig
from theEscherichia colicytoplasm to the periplasmic space maintained across the thylakoid membrane in the ligBy.(
and are denoted the Sec and Tat machineries, respectivelyWhile the decrease ithpH observed during translocation
In bacteria, the Sec translocase consists of two trimeric initiation in bacteria 26) could be explained by simple
integral membrane domains, SecYEG and SecDFyajC, andleakage resulting from the presence of a large protein
the peripheral ATPase SecAl{6). Though the cpSec  molecule within the translocation pore, no model has yet
machinery has not received as much attention, SecA, SecY been proposed to explain the decreased translocation rate
and SecE protein homologues exist in higher plant plastids observed in RO (27), a result that supports a direct role for
(7—9). ATP hydrolysis by SecA is essential for Sec transport, rate-limiting proton transfer ihpH-driven translocation. A
yet a proton motive force (pmifjmproves transport rate and  tightly coupled protein/proton antiporter activity is an entic-
energetic efficiency 4, 10-14). SecA is responsible for  ing possibility, although it is difficult to reconcile with the
initiation of translocation, a task accomplished through major observed protein dependence of pmf stimulated transpbyt (
conformational changes resulting in the insertion of two large 21—23).

SecA domains (30 and 65 kDa) into the translocase with | contrast to the (cp)Sec machinery, translocation by the
the bound leader sequence5( 1§. ATP hydrolysis IS cnTat machinery requires energetic input only from the
required for release of the preprotein from membrane- presence of &pH across the membran@ucleotide triph-
associated SecA; the pmf reduces the SecA/SecYEG aﬁinity’osphate hydrolysis is not utilized in any way by this
thereby promoting SecA release from the translocase ( machinery. The membranipH is the dominant contributor
18). The pmf also drives later steps (_)f translocation in the {4 ne pmf in thylakoids 25), and in fact, collapse of the
absence of SecA and ATP hydrolysis. The exact roles of giq exisitingAy across the thylakoid membrane has no
the Ay andApH components of the pmf in these later steps gasyrable effect on Tat transport efficiengg)( From an

P . : energetic standpoint alone, then, it can be concluded that
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Though the oligomeric structure of the Tat machinery is A
still unknown, theE. coli proteins TatA/E (Tha4), TatB
(Hcf106), and TatC (maize homologues in parentheses) have P ==
been demonstrated to be involved in Tat precursor transport H,0
through genetic approache30(35). It is still unknown m —---"'
whether another protein encoded by the bactdi@bperon, -
TatD (32), has any role in the Tat precursor translocation

process. TatD appears to be a soluble prot&®.(The P == ———  T———
TatA/E (Tha4) and TatB (Hcf106) proteins are membrane- D,0
bound with the bulk of the C-terminal portion on the m -— - S G5 S

cytoplasmic (stromal) side of the membrane, in agreement
with hydropathy profiles30, 35. TatC with its six putative
transmembrane span32j is the most likely known protein

to form the core of the membrane-bound translocation
complex.

Described here are experiments designed to investigate the
role of protons in the cpTat-catalyzed protein translocation
process. The import efficiency of the pOE17 precursor shows
a strong dependence on external pH that is not a consequence
of reaching a threshold\pH for transport. Consequently,
the K, values obtained from the pH dependence of import
efficiency reflect the protonation state of residues within the
transport machinery required for transport. A-2fold 0
decrease in import rate in,D relative to HO strongly
suggests that proton transfers are involved in crucial, rate-
limiting steps of the protein transport process. C s -
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MATERIALS AND METHODS

Materials. The precursor protein pOE17(C)-BioHis was
overexpressed i&. colistrain BL21(DE3) [F ompT hsdSB
(rs~ mg™) gal dem(DE3)] in the presence of 0.5 mCi/mL
[®H]leucine (NEN-DuPont) and stored 8 M urea, and 200
mM sodium phosphate, pH 7.0, as describ&6).( This
precursor protein contains a C-terminal Hisg on the full-
length maize precursor of the 17 kDa protein of the oxygen ;
evolving complex (pOE17). 6 65 7 75 8 85 9 95 10

Thylakoid Import Assay€hloroplasts and thylakoids were External pL
isolated from pea seedling86). For D,O experiments, Ficure 1: pL dependence of pOE17(C)-BioHis thylakoid import.

thylakoids were resuspended with the desiref uffer (A)dSH(-ggElc(Cl)_-Bri]Cl)HiS (hlcilt)) _n'\/llév(vali gr(?}“%”g?f? Wgh thyla-
- ; oids (0.3 mg/mL chlorophyll) in IB (pH 8.0/pD 8.4) for 8 min in
and washed at least once. Thylakoid suspensions were kepﬁm dark. Thylakoid import was initiated by illumination and aliquots

at about 6°C instead of on ice to avoid freezing,O were quenched with a 10-fold excess of IB containing thermolysin
solutions (pure BO freezing point is 3.8°C). Unless at the indicated time points. The leftmost lane corresponds to 2.5%
otherwise indicated, precursor translocation into thylakoids of the precursor added to the reaction. (B) Quantitation of the data

was assayed in import buffer (IB; 50 mM Tricine, 330 mM shown in panel A. (C) Ten microliters of thylakoid suspension (1.8
. N S ' mg/mL chlorophyll) in weakly buffered medium (5 mM Tricine,
sorbitol, and 3 mM MgGJ)) by inaccessibility of the mature 225" 1\ sorbitol, and 3 mM MgGJ pH 7.8/pD 8.2) was mixed

protein to externally added thermolysin and analyzed by with 3 uL of 2 uM 3H-pOE17(C)-BioHis in the same medium and
SDS-PAGE and fluorography as describe®by. 47 uL 50 mM Tricine, 50 mM Bis-tris propane, 330 mM sorbitol,

. . . and 3 mM MgC} of the indicated pL and incubated in the dark for
Data Analysis.Data were fitted with the least-squares 8 min. Samples were then illuminated for 12 min. Data were fitted

algorithm of KaleidaGraph. Th? pL vs imported protein (I) s described under Materials and Metho®.H,0, (O) D,O. Note
data of Figure 1C were fitted with= lya/(1 + 10M(Pa—PL) that the incomplete digestion of full-length precursor for th€®©D

+ 107PL-PK2), which assumes equivalent protons involved ~ samples in panel A is indicative of the reduced protease activity in

in simultaneous protonation/deprotonation according to the the deuterated buffer. This lower activity does not affect the validity
Henderson-Hasselbalch formulatiors() of the quantitation (B) since the mature protein is not susceptible

to digestion.
ApH MeasurementsThylakoid membraneApH was
calculated from the fluorescence of 9-aminoacridi2® on

an SLM AMINCO—-Bowman series 2 luminescence spec- Oth_e.r.. Deuterium gxide solutions vv_ere prepared by
trometer fex = 420 NM3lem= 528 nm) at the onset of actinic solubilizing reagents in D (99.9%, Aldrich) and, by use

ilumination (> 635 nm) provided with a Schott KL1500 of a hydrogen-ion-selective glass electrode, adjust.ed to the
halogen lamp. Thylakoid lumenal volume was estimated as desired pD with NaOD or DCI (pB= pH meter readingt
20 uL/mg of chlorophyll @5, 38, 39. 0.4) @0).

Mature Protein (nM)
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RESULTS AND DISCUSSION A

Deuterium Salent Isotope Effectt was shown earlier that
a thylakoid import time course for pPOE17(C)-BioHis is linear
immediately after reaction initiation if the precursor protein 2t -
is preincubated with thylakoids in the dar&6j, and thus
all import experiments described here included such a
preincubation. In both kO and DO buffers, maturation of 1 .
pOE17(C)-BioHis in the presence of thylakoids was linear
for over 10 min, though the translocation rate ipgdbwas
found to be consistently lower by a factor of-3 (Figure Y S —
1A,B). This lower translocation rate does not arise from the 6 65 7 75 8 85 9 95 10
higher macroscopic viscosity of ;D, as determined by External pH
increasing the viscosity of # buffers with sorbitol (data B
not shown). The approximate 2-min lag in onset of import
activity in D,O was consistently observed (three independent
experiments) and therefore is considered a feature of the lg—e 90— 2
isotope effect. When enzymatic activity is compared in
deuterium and protium buffers, the kinetics should ideally
be measured at the peaks of the respective pL (where L
D or H) rate profile to ensure that the enzyme ionization 1r ]
state is identical for the two situation87). The pH and pD
rate profiles for pOE17(C)-BioHis thylakoid import have the 0 s ‘ w s
same general shape (Figure 1C). A small window of 0 20 40 0 80 100
maximum import velocity with a width of only about 1 pL Percent D, 0
unit was observed. The import time courses of Figure 1A Ficure2: ApL dependence on external pH angdDconcentration.
were performed at a pL that approximates the peak for the (A) The 9-aminoacridine method Was_utilized to measure_thyla-
two pL profiles, i.e., pH= 8.0 and pD= 8.4. koidal transmembranépH as a function of external pH in a
. solution containing 2@M 9-aminoacridine, 2@g/mL chlorophyll,
MembraneApL vs External pH and BO Concentration. 50 mM Tricine, 50 mM Bis-tris propane, 330 mM sorbitol, and 3
As the energetic requirement for translocation of pOE17 into mM MgCl,. (B) (®) Transmembrané\pL was measured as a
the thylakoid lumen is provided by the membrakeH, the function of the RO composition by mixing appropriate volumes
membraneApH as a function of the external pH was ©f H20 and QO buffers containing 2&M 9-aminoacridine, 50
N . . - mM Tricine, 330 mM sorbitol, and 3 mM Mgglat pH 8.0 or pD
examlned with 9—am.|noacr|d|n<25§). The fact that there was 8.4, respectively.@) Same experiment inciuding 4@V methyl
virtually no change in the membramgH generated when  viologen.
the external pH was varied from 6.25 to 9.25 (Figure 2A)
indicates that the drop in import efficiency below pH 7.0 . .
and above pH 8.7 (Figure 1C) is indeed a consequence ofmeasur_ements, respectively) could_ potentlally mal_<e the
changes in ionization state of residues within the translocation "€Sults incomparable. For example, if the sustaingéi in
machinery (or, less likely, within the precursor protein) rather H20 under the import conditions is near a threshajoH
than a consequence of energetic considerations. The defor transport below which import efficiency drops dramati-
creasedApH observed by this method at pH 9.5 has been cally, a small decrease iipL upon changing the solvent to
observed earlier38) and is most likely a consequence of D>O could result in a dramatic decrease in import efficiency.

ApH

)

ApH
[\

invalidity of the technique near theKp (=9.9) of 9-ami- Earlier work with lettuce thylakoids, however, has demon-
noacridine 25). In addition, examination of the isotopic  strated that the measureéspL is virtually identical over a
dependence of th&pL indicated that generation éfpL by wide range of light intensities in the presence of methyl

the photosynthetic reactions is identical in protium and viologen @1), an electron acceptor that results in net oxygen
deuterium buffers (Figure 2B). The onset and relaxation of ntake 42). Our data also shows thatpL is invariant in

the ApL is I|ke_W|se identical (data n(_)t s_hown), indicating H,O and DO buffers in the presence of methyl viologen
that the delay in precursor translocation ig@buffer upon (Figure 2B). As an additional test, import efficiency was

o e Lo i, meastred I the presence.of meth vioogen (Fgure 3
property Y Under these import conditions, th&pL is undoubtedly

buildup of the energetic driving force. The implication is ! o
that the lower steady-state import efficiency observed4@ D greater (the nonzero y-intercept reflects the greater sensitivity

relative to HO buffers is a consequence of an isotopic effect 1 llght1eaks during preincubation sample manipulation due

on the enzymatic functioning of the translocation machinery 0 the presence of methyl viologen), and yet the import

rather than the availablity of energy for transport. efficiency is still decreased2-fold in D,O relative to HO.
One might justifiably question the relevence of thpL These data indicate that the decreased import efficiency in

measurements (Figure 2) on the thylakoid import experiments D20 is a real effect of the heavier isotope on enzymatic
(Figure 1) since the experimental designs were different andactivity. Note that the absolute value of the measutgd
import andApL were not measured simultaneously. Differ- varied from about 2 to 3 depending on thylakoid preparation
ences in light intensity (lower intensity for import reactions) but was consistently above 3 when methy! viologen was
and photon energy (white vs red light for import angL included as an electron acceptor. This variabilityApL
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Table 1: Parameters Characterizing the pL Dependence of
Thylakoid Import Efficiency

& 10k _
\25 1 pPKaz n pKaz 1)
g 8 T | H20 7.04(0.01) 3.58(0.80) 8.69(0.11) 3.42(0.77)
2 sl D,O 7.70(0.01) 4.28(2.26) 8.99(0.21) 2.48(1.45)
s | ] ApKa  0.66 0.30
QS) 4t ] aValues determined as described in Figure 1 are given as an average
3 ) % _ of two independent determinations with standard deviations in paren-
= J ] theses. One set of measurements consists of the data in Figure 1,
0 R P S T whereas the other utilized 50 mM Mops, 50 mM Mes, 50 mM Taps,
0 2 4 6 8 10 12 and 5 mM MgC} as the import buffer.

Illumination Time (minutes)
FIGURE 3: Import time course with ethyl viologen. Results from  PraneApH is unaffected at these transition points (Figure

the same experiment as in Figure 1A except with.A0 methyl 2), the sharp transitions in these data indicate that the
viologen. @) H,0; (O) D,0. ionization state of multiple residues plays a vital role in the
) precursor translocation process. By use of the Henderson
350 ' T T T T Hasselbalch equation and assuming that the chemical groups
S 300} 1 responsible for the transition are simultaneously dissociated
§ 250 F J (i.e., cooperatively) with identicalky, values, it was found
2 that the number of protons involved in all cases averages
§ 2001 around 3-4 (n; and n, of Table 1); we observed that the
5} 150 : accuracy of the fitting procedure dropped dramaticallyrfor
2 100} i larger than 2. These data can be explained by (1) titration of
2 50k i n chemically distinct residues with similakpvalues or (2)
@ titration of n chemically identical residues. While it is
" 5’0 1(')0 TSO ;)0 ;;0 3(')0 350 possible that these titrating residues merely indicate that the
enzyme complex must be in a specific ionization state for
Added Precursor (nM)

protein transport to occur, it is also possible that these
FIGURE 4: Precursor bound to the thylakoid membrane. The residues are alternately protonated and deprotonated during

iﬂd:citeg3l—ébp§ElZ(CL)-BhiloHis rfonr;“tenlgé}“oqg"as ".‘Clt’rt]’atded IlNitth the turnover cycle. As an example of the second possibility,
ylakoids (0.3 mg/mL chlorophyll) in IB for 12 min in the dark a ot ; ; ; ; ;
room temperature. Samples were diluted with an equal volume of a situation in which one residue in each unit of a homotri

ice-cold 1B with 2uM carbonyl cyaniden-chlorophenylhydrozone ~ Meric complex undergoes protonation/deprotonation during
(CCCP) and immediately microcentrifuged for 20 s. Pellets were turnover (i.e.,n; = n, = 3) would be consistent with the
analyzed by SDSPAGE and fluorography.&) H;O; (O) D-0. data. Even more enticing is the possibility that the protona-
tion/deprotonation events are directly coupled to the protein
could explain some of the observed variability in the solvent transport process. Multiple protonations/deprotonations of

isotope effect on import efficiency. each residue could occur during a single protein translocation
The Isotope Effect Manifests lItself after the Membrane event such that the proton/protein ratio is greater thad.3
Binding Event. The initial interaction of precursor with the The K, values estimated from the fits to the pL profile

thylakoid membrane occurs in the absence of light, and data (Figure 1C) provide an indication of residues likely to
consequently, with no membrangH (36). The possibility be titrating at the transition points. HistidineKp~ 6.0—
that the initial binding interaction is perturbed in@®solvent 7.0) and cysteine (&, ~ 9.0—9.5) or tyrosine (K.~ 10.0—
and thereby leads to the observed isotope effect could10.3) @3) are reasonable candidates for residues titrating at
therefore be directly addressed. It was found that the amountthe lower and higher pH values, respectively. IsODthe
of precursor that bound to the thylakoid membrane in the limiting pD values are 7.7 and 9.0, respectively, correspond-
dark was essentially the same in®or D;O buffer (Figure  ing to pK, shifts of 0.66 and 0.30 (Table 1). For such isotopic
4). While the import velocity saturates at about 100 nM in solvents, histidine and tyrosine would be expected to have
both HO and DO and the observeK,, is essentially  pK;shifts from 0.4 to 0.6, although values outside this range
equivalent in the two situations (data not shown), the amount are possible as a consequence of environmental perturbations
of precursor bound to the membrane continues to increase(37, 40. Cysteine has a notably lowapK, of ~0.3 due to
linearly with increasing precursor concentration well beyond sulfhydryls’ lower affinity for deuterium than protiun8{,
100 nM (Figure 4). The implication of these data is that the 44). Thus, the K, andApK, values together are most readily
number of binding sites for precursor on the membrane reconciled with histidine and cysteine residue protonation/
substantially exceeds the number of translocons. Earlier workdeprotonation at the two observed transitions in the pL
demonstrated that the majority, if not all, of this membrane- profiles. As there are no conserved histidines or cysteines
bound precursor is import-competeB6). The kinetic step  (or even tyrosines) in any of the Tat machinery proteins
slowed in deuterated solvent must therefore occur after the(TatABCD), there exists the possibility that additional
initial binding interactions. component(s) of the Tat machinery remain to be identified.
pL Rate Profile TransitionsThe experiment described in  Alternatively, it is noteworthy that the TatC residues E15
Figure 1C reveals that there is a strong pH dependence toand R19 E. colinomenclature) are conserved and R17 and
precursor transport efficiency, with transport efficiency drop- D211 are functionally conserved (R/K and D/E, respectively).
ping rapidly below pH 7.0 and above pH 8.7. As the mem- Significant perturbations to solutiorKp values for these
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residues could result from the protein’s three-dimensional NOTE ADDED IN PROOF

structure. One of these residues, therefore, could be titrating After this paper had been accepted for publication a study

at the tran5|t.|on points in the pL rate profiles. appeared in which it was shown that TatD is not involved
Interpretation of the Seknt Isotope EffectMusser and  jn protein transport irE. coli (45).
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