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ABSTRACT. In the photosynthetic reaction center (RC) from the purple bacteRbodobacter sphaeroides
proton-coupled electron-transfer reactions occur at the secondary quingretéQInvolved in the proton
uptake steps are carboxylic acids, which have characteristic infrared vibrations in thell7OcnT?
spectral range that are sensitive td/?H isotopic exchange. With respect to the native RC, a novel
protonation pattern for carboxylic acids upom ghotoreduction has been identified in the Glu-L2%2
Asp/Asp-L213— Glu mutant RC using light-induced FTIR difference spectroscopy (Nabedryk, E., Breton,
J., Okamura, M. Y., and Paddock, M. L. (20(8ijpchemistry 437236-7243). These carboxylic acids

are structurally close and have been implicated in proton transfer to redgcéal Qis work, we extend
previous studies by measuring the pH dependence of g7éQQ FTIR difference spectra of the mutant

in IH,O and?H,0. Large pH dependent changes were observed in the- 1770 cnT?! spectral range
between pH 8 and pH 4. The IR fingerprints of the protonating carboxylic acids ugorfa@mation

were obtained from the calculated double-difference spéez@ minus?H,0. These IR fingerprints are
specific for each pH, indicative of the contribution of different titrating groups. In particular, the 1752
cm~! signal indicates that Glu-L213 protonates upast @rmation at pH> 5, whereas the 1746 crh

signal indicates protonation of Asp-L212 even at pH 4. An unidentified carboxylic acid absorbing at
~1765 cnt?! could be the proton donor between pH 8 and 5. The observation that in the swap mutant
there are several uniquely behaving carboxylic acids shows that electrostatic interactions occurring between
them are sufficiently modified from the native RC to reveal their IR signatures.

In the reaction center from the photosynthetic purple

bacteriumRhodobacter sphaeroidelight energy is rapidly C -
converted to chemical energy through coupled electron

proton transfer to a buried quinone moleculg*Qight- /X? (‘
induced electron transfer is initiated from the primary Se;:zzs ! -
electron donor (a dimer of bacteriochlorophyll) through a /

series of electron acceptors to the loosely bound quinone
Qg (ubiquinone-10). The double reduction of @ quinol
(QsHy) takes place in a multistep process and requires the
transfer of two electrons coupled to the uptake of two protons
from the solution {). Kinetic studies of site-directed RC
mutants {—3), together with a number of electrostatic
calculations 4—13) based on the available structural data
(14—17), have emphasized specific roles for several polar
and acid residues forming a cluster neasr @6, 18). In

particular, Ser-L223, Asp-L213, and Glu-L212 (Figure 1) His-H128
Ficure 1: Structure of the reaction center froRb. sphaeroides
near the secondary quinong @rom PDB ID code 1AIG (6)).
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The first electron transfer togJdesults in substoichiometric  1752-1747 cm* was revealed in the £/Qg spectrum of
proton binding by the RC protein, revealing a change of the the swap mutant, together with a positive signal at 1731'cm
pK, of amino acid side chains between the statgsa@d and a new broad negative feature at 1765 trithe broad
Qs~ (19-21). Involved in the proton uptake steps are band at 17521747 cnm! was tentatively assigned to an
carboxylic acids that have characteristic infrared vibrations increase of protonation in response tg i@duction of Glu-
that are observable using light-induced FTIR difference L213 (at 1752 cm') and Asp-L212 (at 1747 cm), on the
spectroscopy. Bands arising from the=O stretching mode  basis of the effect of replacing these residues with their amine
of protonated side chains of Asp and Glu are found in a analogues 48). These results show that the protonation
clear region of the IR spectrum between 1770 and 1700 cm  patterns of carboxylic acids and, hence, their resultant FTIR
and are sensitive t#/?H isotopic exchange2@). The earliest  signatures are very sensitive to the environment and can be
experiments showed that whep @s formed in native RCs,  strongly affected by what is often considered fairly conserva-
substoichiometric protonation of a carboxylic acid occurs at tive amino acid replacements (Asp with Glu and Glu with
pH 7 (23, 24), resulting in a single IR signal at 1728 cin Asp). It was concluded that the swap mutations at L212 and
The 1728 cm® band was absent in all of the RC mutants L213 influence a cluster of carboxylic acids larger than the
lacking Glu-L212 23—28), whereas it remained in a number L212/L213 acid pair. Although proton sharing among a
of RC carboxylic mutants at the various sites (Asp-L210, carboxylic acid cluster in the native RC has been predicted
Asp-M17, Glu-H173, Asp-L213)A3, 26, 27, 29) located less ~ from electrostatic calculationg{13), it is only in the swap
than~10 A from Qs (Figure 1). Thus, the 1728 crhsignal RC that it has been experimentally evidenced, i.e., there are
was assigned to the protonation of Glu-L212 upog  Q  sufficient differences that reveal the IR signatures of the
formation. However, despite the abundance of carboxylic individual components2g8). Understanding the different
acids forming a cluster located structurally in the vicinity of behavior between the native RC and the swap mutant is
Qs, and the expected strong electrostatic interactions betweerimportant for elucidating proton-transfer reactions within the
them 6, 6, 16, 18), no significant IR signal (sensitive to  bacterial RC and key to reconciling experimental and
1H/?H isotopic exchange) attributable to another carboxylic computational results. More generally, the protonation state
acid could be identified in the £J/Qg spectra of the native  of acidic and basic residues and their changes upon redox
or of any of those mutant RC23%—27, 29). This is also in reactions is important for the understanding of the proton-
contrast to expectation from a number of electrostatic coupled electron-transfer mechanisms in membrgmetein
computational work §—7, 10, 13). In general, there is no  complexes of the respiratory and photosynthetic chains (e.g.,
consensus between experimental and theoretical work on thecytochrome oxidase, cytochronbe;).
protonation states of the two key residues Asp-L213 and Glu- In the present work, we have investigated the pH depen-
L212 in the @ neutral state and on the IR extent of proton dence of the @ /Qg light-induced FTIR difference spectra
uptake by these residues upog @Jormation. Most of the of the Asp-L212/Glu-L213 swap mutant, in particular the
electrostatic calculations predict that a cluster of acids pH effects on the IR signals of protonated carboxylic acid
composed of Asp-L210, Asp-L213, and Glu-L212, exhibiting groups. When individual titrable groups interact with each
non-classic titration behavior, share one proton in the Q other, for example, in a cluster of polar and acid residues,
state and two protons in thegQ state, although the exact their pH dependence can be much more complex than that
location of the protons is still controversial-13). of an individual group. Here, pH is used to help deconvolute

Recently, a novel strategy was developed to probe newthe spectra. The relative contribution of individual groups
protonation patterns of internal carboxylic acids in the to the FITR spectra is weighted by the intrinsik of the
bacterial RC fromRb. sphaeroidesThis was accomplished  carboxylic acids and the pH of the measurement. Large pH
by changing the microscopic electrostatic environment near dependent changes were observed in the ¥A700 cnt?

Qs without perturbing the overall macroscopic environment, absorption range of the /Qg FTIR difference spectrum
that is, by switching Asp and Glu at the L212 and L213 of the Asp-L212/Glu-L213 swap mutant at pH values ranging
sites, respectively30). Kinetic measurements on the Glu- from 8 to 4. Thus, the novel protonation pattern of carboxylic
L212 — Asp/Asp-L213— Glu swap mutant RC suggested acids previously identified in the swap muta@8) was also

that the overall electrostatic environment negiv@s similar found to be strongly pH-dependent.

to that of the native RC, but there was a difference in the

microscopic electrostatic environment attributed to differ- EXPERIMENTAL PROCEDURES
ences in the state of ionization of Asp and Glu at either L212  The construction of the site-directed mutant Asp-L212/
or L213 30). Glu-L213 was previously describe®@ 31). RCs were

The strategy to interchanging Asp and Glu at L212 and isolated inN,N'-dimethyldodecylamin®&-oxide (LDAO) as
L213 (i.e., Glu-L212— Asp/Asp-L213— Glu) resulted in previously described3@). A detailed description of the
the observation of novel protonation patterns of carboxylic preparation of RC samples for FTIR experiments has been
acids upon @ formation £8); henceforth, we will abbrevi-  given 3, 33). The @ site was reconstituted with @by
ate the name of the mutant as the swap mutant. Thé@ adding an~10-fold excess of . The RC samples were
FTIR spectrum at pH 7 of the swap mutant RC in the 270 prepared in different buffers: 100 mM Tris-HCI at pH 8
1700 cn1! range shows several distinct new signals that are and 100 mM sodium acetate at pH 5 and pH 4. The Q
sensitive to'H/?H isotopic exchange, indicating that the state was generated in the presence of potassium ferrocyanide
reduction of @ results in the change of protonation state (250 mM) andN,N,N',N'-tetramethylp-phenylenediamine
and/or environment of several carboxylic aci@8)( Com- (TMPD) (50 mM) as previously describe84) with single
pared with the single prominent positive peak observed at saturating flash excitation (Nd:YAG laser, 7 ns, 530 nm)
1728 cn1t in the native RC 23), a broad positive band at (23, 33). The preparation of RC samples?i,O was carried
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Ficure 2: Light-induced @ /Qg FTIR difference spectra of the
Asp-L212/Glu-L213 swap mutant RC froRb. sphaeroideis H,O
at pH 8 (a), pH 5 (b), and pH 4 (c). Between 100 000 and 200 000
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interferograms were averaged. The frequency of the peaks is given

at+1 cnrl. The minor tick marks on the vertical axis are separated
by 1074 absorbance units.

out as previously reported?9), using deuterated buffers
(>90% 2H) and a mixture of potassium ferrocyanide and
TMPD prepared irfH,O. The?H,0 procedure leads to the
deuteration of about 70% NH peptide groups.
Steady-state light-induced FTIR difference spectra of the
Qg to Q™ transition in mutant RCs were recorded at°Td
in *H,0 or?H,0, with a Nicolet 60SX spectrometer equipped
with a MCT-A detector and a KBr beam-splitter, as previ-
ously described23, 33). Difference Q/Qg Spectra were
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Ficure 3: Comparison of the 17861700 cnt! spectral region of
the Q@ /Qg spectra of the Asp-L212/Glu-L213 mutant RC from
Rb. sphaeroidet H,0 at pH 8 (a), pH 5 (b), and pH 4 (c) and
in 2H,O at pD 8 (d), pD 5 (e), and pD 4 (f). The marks on the
vertical axis are separated by *(absorbance units.

1780 1700

that the neutral and anion modes of the secondary quinone
of the swap mutant were not pH sensitive.

calculated from each of the 16 or 32 scans (acquisition time  The protein contributions (backbone and side chains) are
3 or 6 s) recorded before and after single-turnover laser flashfound in the~1700-1600 cnt? (amide I) and 15761520

excitation. Blocks of spectra were stored every hour, allowing

cmt (amide 1) ranges. The intensity of the protein signals

comparison of the spectra recorded at early time to thosein the 1706-1640 cni? region, notably at 1664—), 1652

obtained at later times. For each of thd,O and2H,0O

(+), and 1640 €) cm* was only slightly decreased at pH

samples at a given pH (pD), the successive blocks of spectrag compared to that at pH 8, but it was largely decreased at

were found to be reproducible for at leas80 h and were,

pH 4. In the present work, the 1570520 cm! region

therefore, averaged. Moreover, final spectra represent anprobably also contains contributions from TMPIDMPD

average of 3-6 samples. Spectral resolution was 4ém

RESULTS

Overall Description of the @ /Qg FTIR Spectra of the
Asp-L212/Glu-L213 Swap Mutant RC at Different pH Values.
Figure 2 shows the £/Qg light-induced FTIR difference
spectra in the 18081200 cn1? range of the Asp-L212/Glu-
L213 mutant RCs measured at pH 8, pH 5, and pH 4 in
1H,0. The @ /Qg spectrum obtained at pH 8 (Figure 2a)
was very similar to the one previously reported at pi28) (

In contrast, the @ /Qg spectra obtained at pH 5 (Figure 2b)

modes, which explains the differences observed in the amide
Il region between the spectra previously obtained at pH 7 in
the presence of diaminodurer#8f and the one shown here

at pH 8 (Figure 2a). In a pure TMPDTMPD difference
spectrum (Breton, J., unpublished data), the main IR signal
was observed at 1546+}/1520 () cm™i, with minor
contributions at 1618~), 1430 (+), 1382 (+), and 1365

(=) cm™L. The protonated side chains of Asp and Glu
carboxylic acids contribute at 1772700 cm! (22, 37, 38).

No signals from TMPD/TMPD are expected in this range.
Because the protonation signals are of particular interest, we

and pH 4 (Figure 2c) show several large differences, as Will present them separately below.

detailed below.

In all Qs~/Qg spectra, positive bands result from signals
present in the @ state, whereas negative bands results from
the loss of signals present in the neutraj &ate. As
previously reported33, 35, 36), vibrational bands from the
neutral quinone @ are expected in the 166600 cn1?
spectral range, whereas the semiquinoge @odes lie in
the 1500-1400 cm* range. In the swap mutant RQ8§),
C=0 and G=C modes of @ contribute at 1640 ane¢t1615

pH Dependent Changes of the 1780700 cm* region
of the @7 /Qs FTIR Spectra of the Asp-L212/Glu-L213 Swap
Mutant. Figure 3 shows the 1780700 cm? region of the
Qs /Qg spectra of the Asp-L212/Glu-L213 swap mutant at
pH 8, pH 5, and pH 4 ifH,O (a—c) and in?H,O (d—f).
The signals observed in the protonated carboxylic acid region
of the swap mutant at pH 8 (Figure 3a and d) were identical
to those previously described at pH 7O and’H,0 (28).
In H,0, the spectra at pH 8 and pH 7 both showed a negative

cm%, respectively (Figure 2), as also observed in native RCs feature at 1765 cnt (—), a broad positive band centered at

(33, 35, 36). In comparison to a single anion band peaking
at 1479 cm? in the @ /Qg spectrum of native RC28,
33), two distinct signals appeared at 1492 and 1473'dm
the @ /Qg spectrum of the swap mutant (Figure 2). Note

around 1750 cmt, a negative signal at 1739 cf and two
positive peaks at 1730 and 1705 ¢cinThe pattern of this
region was remarkably different from that found in the native
RC at pH 7 23) or pH 8 6), where a single prominent
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positive peak was seen at 1728 ¢min 2H,0, the spectra | —8 ]
of the swap mutant at pD 8 (Figure 3d) and pD28)(also T
displayed the same peaks with a negative feature at 1754
cm! (=), a positive band at 1745 crh a negative signal
at 1739 cm?, and two positive peaks at 1730 and 1705 &m

Figure 3 shows that the novel protonation pattern observed
in the swap mutant was pH-dependent. The largest differ-
ences occur in the 178740 cm! range, where the broad,
positive signal observed at the highest frequency range was
affected. As the pH was lowered from pH 8 to 5,0,
the amplitude of the absorption of the highest frequency mo o w0 wm o
component at around 1752 cfrdecreased, revealing more Wavenumoer )

clearly the peak at 1746 crh (compare Figure 3a and b).  {1o K Co e S L 213 mutant RG. fom
Decreasing the pH to 4 (Figure 3c) resulted in the appearanceRl; sphaeroidéat bH 8 (a), ppH 5 (b), and pH 4 (c). Each division

of a broad, positive feature atl763 cm, a negative signal  on the vertical scale corresponds to-4@bsorbance units.
at 1752 cm?, and a considerable decrease of the 1748'cm
signal. In contrast, the positive peaks at 1730 and 1703cm  The observed spectra showed a convolution of contribu-
as well as the trough at 1739 cfrwere present at all pH  tions with the superposition of several bandshifts. The
values. richness of the observed spectra made unambiguous assign-
In 2H,0, there are pH dependent changes, although thements difficult at this stage; therefore, just the main features
details differed slightly. Decreasing pD from 8 to 5 (Figure are summarized below. The main feature of the double-
3d and e) resulted in a negative band at 1751 %ciand the  difference spectrumH;O minus?H,O calculated at pH 8
amplitude of the positive band at 1745 thwas consider-  (Figure 4a) was a positive peak at 1753 ¢érand a negative
ably reduced with respect to the large signal observed at pDband at 1743 cmt. At pH 5 (Figure 4b), the double-
8. Decreasing pD to 4 (Figure 3f) induced additional shifts difference spectrum showed a broad, positive band at 1749
and/or amplitude changes of peaks in the 178040 cm* cm™! and a broad trough between 1743 and 1737 'ciat
range, notably at 1750, 1745, and 1740 ém pH 4 (Figure 4c), a negative signal appeared at 1753'cm
Thus, several of the bands seen in the FTIR difference @nd @ positive one at 1743 cf The shift of the broad band
around 1776-1760 cn1! differed at each pH, displaying a
negative component at 1766 chat pH 8, almost featureless

A Absorbance

spectra presented in Figure 3 show dissimilar sensitivity to
both pH and'H/?H isotopic exchange. The simplest to : i "
interpret were those due to distinct isolated signals. For at E’f' 5, and displaying a positive, F’road fee_lture at 1762
example, at pH 8, the negative feature at 1765'abserved €M at pH 4. If all carboxylic groups involved in thes@o
in 1H,0 was downshifted to 1754 crhin 2H,0. The @/ Qe form_atlon had the same t|_trat|;)n pattern with pH, the
Qs spectra (Figure 3) clearly showed that the underlying double-dlffere_nce _specti*&lzo minus !—|20 obtam_ed at each
components of the broad band centered at 1756 ¢figure pH would bg |d§nt|cal. Hence, the differences in the speqtra
3a) have different pH sensitivities. This difference induced &t €ach pH indicate that they result from the superposition
a decrease of the highest frequency component (at aroundf pea}ks from titrating groups having different titration
1752 cm?) at pH 5 (Figure 3b), whereas the lowest Pe€haviors.
frequency component (at around 1746 éhwas present at
this pH. However, for most of the carboxylic signals of the DISCUSSION
1760-1720 cn1* region, band shifts and amplitude changes | difference spectroscopy is a very sensitive tool to detect
resulting from thetH/?H isotopic exchange and pH changes, changes in the protonation state of carboxylic acid side
respectively, lead to overlapping signal changes, making it chains. In this study, we investigated the protonation of
Q|ff!cglt to unambiguously deconvolute the behavior of the jnternal carboxylic acids in a mutant RC froRb. sphaeroi-
individual components. desin response to @ reduction using FTIR difference
The specific effects of pH on the protonation pattern of spectroscopy as a function of pH. We studied a swap mutant
the carboxylic acids in the £/Qg spectum of the swap that had Asp at L212 and Glu at L213; the native one has
mutant are best visualized in the double-difference spectraGlu at L212 and Asp at L213. The carboxylic acid region
calculated from the individual £J/Qg spectra recorded at a  of the swap mutant showed several new bands appearing in
given pH (pH 8, 5, and 4) irtH,O and in?H,0. In such response to reduction. The sensitivity of these bands to
double-difference spectréH,O minus?H,0), each carboxy-  'H/?H exchange showed that they correspond to the proto-
lic acid whose protonation state changes upgn fQrmation nation of internal acids. In a previous report, possible
is expected to contribute a single derivative signal composedassignments for these new carboxylic acid signals were
of a positive peak next to a negative trough downshifted by investigated by studying two additional double mutant RCs
~5-10 cnml. Figure 4 shows the calculated double- combining either Asp-L212 with GIn-L213 or Asn-L212 with
difference spectréH,O minus?H,0 at pH 8 (a), pH 5 (b), Glu-L213. In this article, the strategy used to investigate this
and pH 4 (c). Apart from a common feature present in all novel protonation pattern was to study the pH dependence
spectra at 1736()/~1722 () cm™?, the calculated spectra of Qg /Qg FTIR difference spectra of the Asp-L212/Glu-
reveal several distinct features. These differences demon-213 swap mutant iAH,O and?H,O. Upon @~ formation,
strated that at each pH, a unique combination of carboxylic the change of the protonation state of a given carboxylic
acids contributed to the observed spectra. acid (referred to ad\H" in the text) is determined by its
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change of K, between the @ and the @~ stated. Large mutant have been previously investigated by comparing the
pH-dependent changes of proton uptake were observed inQg~/Qg spectra of the swap mutant at pH 7 44,0 and
the pH range 8 to 4. °H,0 with those of the Asn-L212/Glu-L213 and Asp-L212/

pH Dependence of the Proton UptalkeH{*) of Carboxylic GIn-L213 mutant RCs28). The broad band centered at 1750
Acids Irvolved in the Q to Qz~ Reaction The effect of pH cm ! in the swap mutant was tentatively assigned to an
and ofH/2H exchange on the £/Qg spectra of the swap  increase in protonation uporgQformation of the two side
mutant revealed that at least three different carboxylic acids chains Glu-L213 at 1752 cmhand Asp-L212 at 1747 cm.
were involved in changes of protonation or environment upon Indeed, the present pH-dependent study of tbeeduction
Qs reduction. Three carboxylic acids result in thd 765, in the swap mutant demonstrates that the two main signals
1752, and 1746 crt signals in'H,0 (Figure 3). A possible  previously identified at 1752 and 174¢€m™ responded
fourth resulted in the 1738{()/~1722(-) cm ! signal com- differently to a change of pH from pH 8 to pH 4. Thus, the
mon to all of the double-difference specttO minus?H,0 present data strengthen the previous tentative assignments
(Figure 4). The'H,O minus?H,0 IR fingerprint spectra  and further demonstrate that the protonation of Glu-L213
demonstrated that the pH dependence\bft differed for occurs at pH> 5, whereas the protonation of Asp-L212
the two main components of the broad band centered at 1750ccurs even at pH 4. Note that the protonation pattern
cm ! as well as for the small signal at1765 cm* (Figure observed at pH 10 for the swap mutant (Nabedryk, E. et al.,
4). The highest frequency component near 1752cwas unpublished data) was similar to the one observed at pH 8,
assigned to thAH* of an isolated carboxylic acid that occurs indicating K4(Qg™) >10. Thus, the titrating acids have
at pH 8 and pH 5 but not at pH 4. The lowest frequency significant interactions>3pK, units, 180 meV) with @,
component near 1746 crhcorresponded to thAH™ of a implying that they must be located nearbyq A for a
different carboxylic acid occurring over the entire pH range dielectric constant of 15).
from 8 to 4. At pH 4, the absorption at 1746 chwas very _ Because the changes observed-a765 cn! are small
small. Thus, the IR data demonstrated that the protonation;, amplitude, they could arise from an acid located further
of the 1752 cm® component occurred at pH 5, whereas from Qs; this results in a smaller signahH+*) due to a
that of the 1746 cm' component occurred even at PH 4. smaller interaction with @ . Also, because the protonation

Where do these two components appe&tHsO? Taking  state of this acid decreased upor-Qformation (i.e., it
into account the spectra in both Figures 3 and 4, we proposegecreased itsiy), it is likely located between the closest
that the 175_2 cmt component (Figure 3a) downshifted to groups and the surface. Because the 77060 cnt! region
~1745 cm* in 2H;0 (Figure 3d), whereas the 1746 T g flat at pH 7 in the FTIR spectrum of the mutant RC with
component (Figure 3a) shifted to1739 (+) cm* (Figure  Agn at L212 and Glu at L2132@), the negative signal
3d) because the trough at 1739 Crappears less negative  gpserved at 1765 crh in the swap mutant could be the
in 2H,0 (Figure 3d) than inH,O (Figure 3a). This proposal  proton donor to Asp-L212. Possible carboxylic acids that
was supported by the data shown in Figure 4, notably at pH gre |ocated between the surface of the RC protein and the
5, that showed a broad, positive peak-dt749 cm*and a  gestination of the protons near L212 and L213 are Asp-L210,
broad trough lying between 1743 and 1737 €pwhich Asp-M17, and Glu-H173 (Figure 1). In native RCs, Asp-
could account (in part) for the shift of the 1746 cm | 510 as suggested to be involved in thet@ Qs reaction
component. Note that such frequency downshifts BG  py glecirostatic computations, 6) and time-resolved FTIR
cm* from 'H,0 to?H,0 are typical for protonated carboxylic measurements80); Asp-M17 had a synergistic effect on net
groups 2, 37, 3§. proton flow through the pathways4@); and Glu-H173

The negative feature observed al765 cnt* at pH 8 glectrostatically influenced other groups in the pathwéty (
(Figure 3a) and the positive signal appearing-a763 cnm* 42), in particular @~ and Glu-L212. Although all possibly
at pH 4 (Figure 3c) could reflect either a pH-dependent contriputing to the signal, further studies involving additional
environmental change of a protonated carboxylic acidier mutations at L210, M17, and H173 in the swap mutant RC
of a carboxylic acid, withAH" approaching zero at pH 5 packground will be necessary to determine the relative

(Figure 3b). The 2 cm frequency shift that is observed  ¢ongributions of these carboxylic acids to tha 765 cnr?
between pH 8 and pH 4 could result from local electrostatic gjgng.

changes. These signals are also clearly identified in the
double-difference specttal,O minus?H,0 (Figure 4) at pH
8 (negative signal at 1766 crf) and pH 4 (positive signal
at 1762 cn?).
We discuss below possible assignments in comparison with

previous data obtained on the corresponding amine analogue%m,1 can be associated with the 1739-dmegative signal
of the_swap Mmutantg). . which was insensitive t8H/?H isotope exchange (Figure
Assignments of pH-Dependent Signals to Glu-L213 and 3). these two signals are not assigned to a perturbation of a

Asp-L2125 C_omparison with the Swap Aming Analogues. carboxylic acid but could account for an electrochromic shift
The contributions of Glu-L213 and Asp-L212 in the swap of the 10a-ester €0 IR mode of H, as previously

suggested?3, 43).

The 1730¢-)/~1722() cm? signal was common to all
of the double-difference specttel,O minus?H,0 obtained
at pH 8, 5, and 4 (Figure 4). Approximately one-third of the
1730 cm?! peak titrated; the remaining two-third was
invariant (Figure 3). The invariant, positive signal at 1730

2 For the simple case of two interacting group$i™ has a peak at
a pH that is the average of itKgQs) and K4(Qs™). At pH values
significantly below K,(Qg) or above K4(Qg~), AH" is null, and no 3 1n the present work, the pH effect on thg @Qs spectra indicates
FTIR signal corresponding to the protonation of carboxylic side chains that the lowest frequency component that is assigned to Asp-L212 peaks
is observed. at 1746 cm*.
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Comparison with the Nate RC: Single Carboxylic Acid  protein that pumps protons across a bacterial membrane. The
Titration versus Multiple Acid Titration in the Swap Mutant. protonated water was located between two carboxylic acid
For all of the pH values investigated, the spectra of the swapgroups on the exit pathway. In the bacterial RC, there is a
mutant RC displayed large differences with respect to that region located between three carboxylic acid groups, that

of the native RC. In the protonated carboxylic acid region
from 1780 to 1700 cmt, the @ ~/Qg spectrum of the native
RC at pH 7 or 8 showed only a single positive prominent
band at 1728 cnit, which was assigned to substoichiometric
proton uptake by Glu-L212 upongQreduction 23—27).

is, Asp-L210, Asp-L213, and Asp-M17 (Figure 1), which
could accommodate for the location of water molecules. The
idea that internal water molecules in the vicinity may
protonate was supported by earlier FTIR measurements in
which the polarizable proton IR continuum, possibly due to

Consistent with this assignment, this band was absent inthe protonation of internal water moleculed48), were

mutant RCs in which Glu was absent at L212, i.e., in RCs
with GIn at L212 @3—27) and in RCs with Asp at L212
(swap mutant RC) or Asn at L2128&). Furthermore, the
protonated carboxylic acid region of thes@Qg spectrum

of native RCs displayed a simildH,O minus?H,0 IR
fingerprint pattern at pH 826), pH 7 (23), and pH 4

perturbed by mutations nears@49). Although the results
are not as definitive as those for bacteriorhodopsin, the
protonation of internal water molecules in the native RC can
qualitatively explain the differences observed here between
the native and mutant RCs upon @duction. Testing such
a proposal provides a new challenge for FTIR difference

(Nabedryk, E., and Breton, J., unpublished data). Such similarspectroscopy.

IR fingerprints observed for the carboxylic acid(s) in the
native RC upon @ formation at different pH values indicate
the involvement of the same titrating group(s) over the whole
pH range investigated. These observations contrast the large
differences observed in the 1780700 cn! absorption
range of the @ /Qg spectrum of the swap mutant RC
between pH 8 and 4. Therefore, thg @s spectra of the
native RC and the swap mutant are not only very different
in their protonation patterns but also very different in their
pH-dependences.

Why are the native and the swap mutant different? FTIR
spectra at different pH values of the swap mutant are rich in
information on the behavior of internal carboxylic acids. The
observation of several distinct carboxylic bands in the swap
mutant indicated that protonation or proton movement
occurred among several carboxylic acids upg @rma-
tion. The present observation that these carboxylic bands
were differentially sensitive to pH changes showed that
electrostatic interactions occurring between these acids, in
particular, those at L212 and L213 sites, were different from
those occurring in the native RC. Differences in the
electrostatic interactions among the acids of the cluster near
Qg resulting from the interchange of Glu for Asp at L212
and Asp for Glu at L213 could be a possible cause for the
changes in the FTIR spectra. In this regard, electrostatic
calculations of the interactions of carboxylic acids negr Q
in the swap mutant should help to establish the differences
in interactions and, hence, the resultant FTIR spectrum; this
is a nontrivial and challenging exercise, given the number
of titrating groups in close proximity and the unknown
positions of many internal water molecule$6( 18). In
addition, an attractive approach would be to use time-
resolved FTIR spectroscop@9) to follow the protonation
changes of individual carboxylic groups at different pH
values. Such an approach should provide detailed information
on the molecular mechanism of electron and proton transfer
during @ photoreduction.

Could a Water Molecule Play a Role in the Proton
Transfer in the Natie RC?An interesting possible explana-
tion for the differences between the native and mutant RC
is that an internal water molecule may be a proton acceptor
in the native system (in addition to Glu-L212). Protonation
of an internal water molecule was indicated on the basis of
electrostatic computationd4) and FTIR measurement$5—

47) in bacteriorhodopsin, a different type of photosynthetic
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