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ABSTRACT. In the photosynthetic reaction center (RC) fr&@hodobacter sphaeroide&lu H173, located

~7 A from the center of the secondary quinone accepigriQexpected to contribute to proton uptake

upon @~ formation in response to the movement of an electron in its vicinity. Steady-state FTIR difference
spectroscopy provides a method to monitor proton uptake by carboxylic acids upon photochemical changes.
The FTIR spectra corresponding to the photoreduction @iv@re obtained at pH 7 for RCs containing

Glu (native), GIn (EQ H173), or Asp (ED H173) at the H173 site. No new bands were observed in the
carboxylic acid region (177081700 cnt?) in any of the mutant RCs compared to native RCs. In addition,

the positive band at 1728 crh previously assigned to Glu L212 [Nabedryk, E., Breton, J., Hienerwadel,

R., Fogel, C., Matele, W., Paddock, M. L., and Okamura, M. Y. (198pchemistry 3414722-14732],
remained present in all of the mutant RCs. This result shows that Glu H173 is not a major contributor
to proton uptake upon £ formation and further strengthens the assignment of the 1728 band to

Glu L212. Anincrease in the 1728 cthband was observed in the EQ H173 RCs compared to that of
either the ED H173 or native RCs. These changes are consistent with Glu and Asp at H173 remaining
ionized in the Q and @~ states. Changes in the absorption regions of the semiquinone and amide or
side chain groups in the spectra of the mutant RCs suggest slight changes in the protein structure compared
to those of native RCs, which could contribute to the altered kinetics observed in the mutant RCs.

In the photosynthetic bacterial reaction center {R@yht Asp L213, and Glu L212 that have been earlier shown by
induces a sequence of electron- and proton-transfer reactionsite-directed mutagenesis work to be crucial for proton-
that results in the double reduction and protonation of the transfer events8| 9 are connected to the cytoplasmic surface
secondary quinoneg}o QsH., which then dissociates from  via these paths (see Figure 1). Moreover, six carboxylic acid
the RC (). Formation of the quinol is a key step in the residues form an acidic cluster in the vicinity ofQeach
bioenergetics of photosynthetic purple bacteria, and manywithin 4.5 A of a neighboring carboxylic acid or of a bridging
details of the mechanism and energetics of proton-coupledwater molecule ), which may be important for the
electron-transfer events are still unknown. Upon the first energetics and kinetics of protonation of reduceg @his
electron transfer to @ leading to the formation of the  acidic cluster includes Asp L213, Asp L210, Asp M17, and
semiquinone, it has been established that substoichiometrighree amino acid residues of the H subunit (Glu H173, Asp
proton uptake by the protein occurs in response to the 4170, and Asp H124). Transient optical spectroscdpy (
electrostatic influence of the semiquinone charge4). At 11) as well as steady-state FTIRX-14) and kinetic IR (5)
least three possible proton-transfer pathways connecting thestydies of RCs with mutations of L subunit amino acids have
Qs site to the surface of the protein can be identified in the peen reported. More recently, electron-transfer kinetic
most recent high-resolution crystal structures of the RC from gygjes on site-directed mutants of the H subunit showed that
Rhodobacter (Rb.) sphaeroidgs-7). These paths include  acig residues at H173 and H170 are important for rapid

ionizable amino acid side chains of the L, M, and H subunits proton-coupled electron transfer to the reduced quinde (
and bound internal water molecules that form a network of )

hydrogen bonds. In particular, the three residues Ser L223, ) , .
Knowledge of the protonation state of carboxylic acid
T Part of this work was supported by an NIH grant (2R01GM41637) groups near Qis crucial for a clear understanding of the
to M.Y.O. details of the mechanism and energetics of proton-coupled
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Gif-sur-Yvette Cedex, France. Phone: 331 69 08 71 12. Fax: 331 69 electron transfer to . This can be obtained from

08 87 17. E-mail: nabedryk@dsvidf.cea.fr. knowledge of the position and occupancy of the protein
zSB_E/DBCM. o ' hydrogen atoms, as has been recently structurally determined
University of California, San Diego. for lysosyme using neutron diffractio2@. However, the

! Abbreviations: FTIR, Fourier transform infrared; RC, reaction . .
center; Q/Qa, secondary/primary quinone acceptor; D, primary electron resolution of the X-ray crystal structure of the bacterial RC

donor; WT, wild type;Rb, RhodobacterRp, Rhodopseudomonas is insufficient to yield such details at present. Thus, several

S0006-2960(98)01139-8 CCC: $15.00 © 1998 American Chemical Society
Published on Web 09/19/1998



14458 Biochemistry, Vol. 37, No. 41, 1998 Nabedryk et al.

trostatic calculations21, 29. However, in view of the
strong electrostatic interactions expected among many nearby
carboxylic acids forming a cluster neag (®), it cannot be
QB excluded that some other acid, in addition to Glu L212,
His-1.190 contributes to the 1728 crhabsorption peak in native RCs
as has been recently suggested based on electrostatic calcula-

Ser-L223 tions performed iRp. viridis RCs @4). The three structur-
ally closest residues to Glu L212 are Asp L213, Glu H173,
and Asp L210 (Figure 1). Previous steady-state FTIR results

®Fe have shown that there is no significant contribution of either

Asp L213 or Asp L210 to the 1728 crhpeak (12, 13. To
Asp-L213 examine the involvement of Glu H173 in proton uptake and
° , to estimate its state of ionization, we have investigated the
VGlu-LZI,’Z effects of the mutations Glu H173 GIn and Glu H173—
* b Asp on the light-induced steady-statg @Qg FTIR differ-
Glu-H173 ence spectra inRb. sphaeroidesRCs. In addition to

° ] o . ; . :
monitoring changes in the protonation state of amino acid
residues, FTIR provides a method to assess structural changes

Asp-H170 Asp-L210 that may result from site-specific amino acid replacements.
A preliminary account of part of this work has been presented
(29).

Ficure 1: Structure of the @ binding pocket in the bacterial
photosynthetic RC fromRb. sphaeroideg5). Shown are the = MATERIALS AND METHODS

positions of the semiquinonegQ and the non-haem Fg the . .
potential hydrogen bonding residues His L190 and Ser L223, the TheRb. sphaeroidesi173 mutations were constructed and

nearby acid groups Glu L212, Asp L213, Glu H173, Asp L210, incorporated intqouhA the gene coding for the H subunit
and Asp H170, and nearby bound water molecules (solid circles). polypeptide, essentially as previously described in3@f

The modified puhA was transferred into pRK404 with

other experimental approaches have been used to estimatflanking DNA to reconstruct th@uhAoperon on a 1.3 kb
the protonation state of acid residues near @ne method BamHI fragment 81). This plasmid was used to comple-
is to measure the electron-transfer rates in native and mutaniment theRb. sphaeroidedeletion strain PUHAL as described
RCs as function of pH (see, e.g., r&and9). The kinetic in ref 31. RC isolation was performed as described in ref
results were interpreted in terms of changes in the electro-10. To 10 ul of an RC sample 0.2 mM) containing a
static potential near £due to amino acid titrations and site-  10-fold excess of ubiquinone-10, LDof ascorbate 10 mM
specific mutations. From these studies, estimates wereand diaminodurene (2,3,5,6-tetrametpyphenylenediamine)
obtained for the protonation state of amino acid residues near20 mM in Tris-HCI, pH 7, 90mM, was added. The solution
Qs and their [K,s assuming a classic Hendersd#iasselbach ~ was dried under argon to a thin paste on a Qakhdow.
acid titration. Detailed electrostatic calculations have pre- The RC sample was then covered withuRof H,O and
dicted the titration curves of amino acid residues near Q sealed with another CatWindow. For'H/?H exchange, the
for both Rb. sphaeroidesand Rhodospeudomona@Rp) RC sample containing the mediators was resuspended at least
viridis RCs and have suggested nonclassic titration of many three times ir"H,O at 20°C (total incubation time of-2
internal acid groups located neag 21—24). Experimental h). This procedure leads to the deuteration of about 60
support for nonclassic titration behavior comes from IR data 70% peptide NH groups. The corresponding buffer with
(12, 195. These results suggest that previous analysis of theascorbate and mediator was madéHiaO. The long-lived
kinetic data may be oversimplified. Qg™ state {1, ~ 30 s) was generated under single saturating

A more direct experimental method for probing changes flash excitation (Nd:YAG laser, 7 ns, 530 nm). Light-
of the protonation states of Asp and Glu residues upon photo-induced FTIR difference spectra were acquired at@&vith
or redox-induced reactions is provided by IR difference a Nicolet 60 SX spectrometer. A detailed description of the
spectroscopy. For energy-transducing systems, such asneasurements is found in r&p.
retinal proteins 25, 29, cytochrome oxidase2{, 28, and RESULTS
bacterial RCs12—15), absorption changes of Asp and Glu
side chains in the 17701700 cm? IR spectral range have The Q7 /Qg FTIR difference spectra of EQ H173 [Glu
been revealed upon changes in the isomerization, redox, orH173— GIn] (Figure 2a) and ED H173 [Glu H173 Asp]
ionization state of cofactors. F&b. sphaeroideRCs, the (Figure 2b) display several typical absorption changes
Qs minus @ FTIR difference spectrum (§3/Qg) of native associated with @reduction in native RCs (Figure 24,
RCs at pH 7 shows a positive band at 1728 &nhat is 32—34). In particular, the three main positive bands at
sensitive to'H/?H isotopic exchange, as expected for a ~1728 cm! (carboxylic acid region), 1651 cm (protein
carboxylic acid group. This 1728 crhsignal in native RCs ~ backbone region), and 1472480 cnt! (semiquinone
has been attributed to substoichiometric proton uptake by region), as well as the negative bands at 1640'qmrotein
Glu L212 upon @~ formation based on its absence when and quinone carbonyls) and at 1265 ¢rand~1290 cnt?
Glu L212 was replaced with GIrlR). Thus, Glu L212 is (Qe methoxy groups) appear in all of the spectra.
partially ionized in the @ neutral state and becomes more  In the spectra of the EQ H173 and ED H173 mutants,
protonated upon g photoreduction, consistent with elec- several differences are however observed for the position,
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Ficure 2: Light-induced @ /Qg FTIR spectra oRb. sphaeroides
RCs at pH 7 in'H0: (a) Glu H173— GIn mutant (EQ H173),  small signals at~1740 () and 1706 ¢) cm™% In EQ
(b) Glu H173— Asp mutant (ED H173), (c) wild type (WT); 15 11173 the amplitude of the 1728 ciband is larger than
°C, 4 cn1? resolution, a.u. is absorbance units. About 80 000 and ) . . 1
50000 scans were averaged for mutant and wild-type RCs, thatin native RCs with a comparable fwhm13 cni). In
respectively. ED H173, the main carboxylic band peaks at 1730 tand

is narrower {10 cn1?! fwhm) than the 1728 cmt band in
half-width, and amplitude of some of the bands described native RCs. The integrated absorption over the width of the
above, compared to those for native RCs. The most obvious1728-1730 cnr? band determined for all RCs yields a larger
differences are in the absorption region of the semiquinone value (45+ 10%) in the EQ H173 spectrum compared to
between~1500 and 1430 cnt. In particular, both @ /Qs that for wild-type RCs. Given the broadness of the semi-
mutant difference spectra display an additional shoulder atquinone band in the ED H173 spectrum and hence the
1491 cnr* on the main quinone anion band, which peaks at possible uncertainty in the normalization factor of theQ
1479 et in EQ H173 (Figure 2a) and at 1480 chin ED Qs spectra, the intensity of the 1730 chband in the @/
H173 (Figure 2b}. In addition, the 1480 crt band in ED Qg spectrum of ED H173 is considered to be comparable to
H173 is significantly perturbed on the low-wavenumber side. that of the 1728 cmt band for the native RCs.

When @~ /Qg difference spectra from mutant and native RCs B ) ) )
are compared, the spectra are normalized based on the The Q/Qs difference spectra were also obtainedtO

semiquinone and methoxy bands by minimizing the net O identify bands that are sensiti\_/e to isotopic exchange.
difference between the mutant and native RC spectra in thesdigure 3 shows the £/Qg double-difference spectra (Qf
regions; the normalization factor can be varied-by0% Qs difference spectra obtained i#H,O minus Q~/Qs

without affecting significantly the shape of the bands in the difference spectra obtained itH;0). In these double-
double-difference spectra (data not shown). difference spectra, only the IR modes that both are affected

. o . .
Changes in the R/Qs difference spectra of mutant RCs by the reduction of @ and are sensitive tdH/?H isotopic

compared to native RCs are also apparent between 1700 an&xchange will give rise to shifted bands and/or differential
1500 cm? (Figure 2). For example, a differential signal at signals (2). Note that the overall shapes of the three double-

1667/1658 cmt, which is in the absorption range of peptide/ difference spectra for EQ H173, ED H173, and nativelRCs
side chain groups, is observed in the spectrum of EQ H173.ar€ comparable with a differential S'QQaMB51/1641 cm

In the amide Il region, a negative band is present at 1550 @nd a negative band at 1534539 cn, most probably due
cmtin both EQ H173 and ED H173 spectra in contrast to t0 shifts of protein modes upotH/?H exchange. Impor-

a positive band at 1537 crh a negative band at 1527 ci tantly, a similar frequency downshift of the carboxylic acid
and a small negative band at 1556 ¢rin native RCs. band at 17281730 cn* in *H,0 to ~1718-1716 cn* in

2H,0 is observed for mutant and native RCs; the amplitude
of the band is larger in EQ H173 and somewhat smaller in
ED H173 compared to that in native RCs. In native RCs,
the differential signal at 1728/1718 ciin the double-
difference spectrdH,O minus*H,O has been previously

2 Reconstitution of @depleted RCs with uniformlyC-labeled attributed to the'H/?H isotope shift of the &0 mode of

ubiquinones has previously allowed the whole 1479 tband to be .
assigned to semiquinone modes in native RCs fRim sphaeroides  the carboxylic group of Glu L212 that becomes protonated

(33. upon @~ formation (2).

In the carboxylic acid absorption region between 1770 and
1700 cnmit (Figure 2), native and mutant RCs show common
signals with a main positive band at 1728730 cm* and
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DISCUSSION acid residue at H173 in native RCs has been replaced by a
. neutral side chain in the mutant, leading to a greater
In this work, we report the steady-states@s FTIR protonation of Glu L212 upon &reduction. In contrast to
difference spectra at pH 7 from mutant RCs in which Glu- the EQ H173 data, the FTIR difference spectrum of ED H173
H173 was replaced with GIn and Asp (EQ H173 and ED ghows no significant change in the proton uptake by Glu
H173, res_pectwely). Fro_m a comparison of mutant spectra| 212 since the amplitude of the 1728730 cn1* band is
to the native spectrum, information about changes in pro- royghly equivalent in both ED H173 and native RCs. Using
tonation and/or the local environment of carboxylic acid 5 simple electrostatic explanation, this observation leads to
residues that occur upongQformation was obtained. In  the conclusion that Asp H173 in ED H173 and Glu H173 in
addition, some information about changes in the interaction native RCs are negatively charged. Thus, from the FTIR
between the semiquinone and the protein and in the backbongyata we propose that in nati®b. sphaeroideRCs at pH
structure/flexibility in the mutant RCs could be revealed. We 7, Glu H173 is mostly ionized in both thes@nd Q- states.
start with a discussi_on of the carboxylic acid.regilon pf the  The experimental data are in qualitative agreement with
steady-state FTIR difference spectra and the implications onhe resuits of the two available electrostatic calculations of
proton_uptake tjy carboxylic _aC|d groups in response to the the proton uptake upon greduction in the RC fronRb.
formation of @~. We end with a comparison of electron-  gphaeroideq21, 29, which predict that the proton uptake
transfer kinetics and FTIR data to probe electrostatic changes,s gominated by Glu L212X95% of the total calculated
structural changes, and/or alterations of semiquirqmetein proton uptake). The titration curve calculated for Glu H173

interactions following photoreduction ofeQ by Beroza et al. (1995) indicates that Glu H173 is mostly
Protonation of Carboxylic Acid Groups in Response to ionized in the @ state at pH 7, titrating only in the low pH
the Formation of @ . The FTIR data show that Glu H173  range 22). Since the calculated proton uptake from Glu
does not significantly change its protonation state upon H173 is estimated to change by less than 011Qd~ (22),
reduction of @ to Qs~. The positive band at 1728 crh it follows that Glu H173 remains mostly ionized in thg @
previously assigned to protonation of Glu L2112( 13, is state as deduced from the present FTIR data.
observed in the & /Qg FTIR difference spectrum of the EQ More recently, two sets of detailed electrostatic calcula-
H173 mutant (Figure 2a) and is similarly shiftedtd716  tions of the protonation state of several residues nganQ
cm* upon 'H/?H exchange (Figure 3a) as is observed in the RC fromRp.viridis have been performe@3, 24. These
native RCs (Figure 3c). In this mutant, any signal due to calculations predict proton uptake by both Glu L212 and Glu
protonation of Glu H173 should be absent. The similarity H177, the homologous residue to Glu H173Rh. sphaeroi-
of the 1728 cm* band in the EQ H173 spectrum to that of des Lancaster et al2Q) calculated that most of the proton
the native suggests that Glu H173 does not contribute directly yptake associated withgQ formation could be attributed to
to the 1728 cm' band. Thus, the assignment of the 1728 3 carboxylic acid cluster consisting of Glu L212, Glu H177,
cm' band to proton uptake by Glu L212 is further and Glu M234. Almost equal proton uptake (0.12 and 0.17
strengthened by these observations. Inthe ED H173 mutantH+/Qz~) was estimated for Glu H177 and Glu L212,
the comparable amplitude of the peak at 1730°tto that  respectively. In contrast, Rabenstein et 24) calculate that
observed at 1728 cmin native RCs suggests a comparable Glu L212 does not contribute significantly to the proton
protonation of Glu L212 to that observed in native RCs. The yptake at pH 7.5, where the main contributor is Glu H177
2 c!t frequency upshift and the small narrowing of the (0.56 H"/Qg~). These authors further suggest thatRb.
carboxylic band at 1730 cm can be attributed to slight  sphaeroidesRCs, the kinetic IR transient at 1725 cin
differences in the environment of the COOH side chain group assigned to protonation of Glu L2125) could alternatively
of Glu L212 in the ED H173 mutant compared to thatin the pe due to protonation of Glu H173. However, the present
native RCs. The only other signals-at740 (~) and 1706 ~ FTIR data on the EQ H173 and ED H173 mutant RCs
(+) cm™* are not significantly influenced by the mutation support our previous attribution of the 1728 chsignal in
of Glu H173 to GIn or Asp. Thus, no band can be assigned the Q/Qg spectrum of native RCs to protonation of Glu
to a significant change=0.05 H/Qg") in the protonation 212 and rule out the possibility that significant proton
of Glu H173 in the @ /Qg spectrum of native RCs at pH  yptake by Glu H173 occurs at pH 7 at 1728 ¢nupon
7. Consequently, we conclude that Glu H173 does not reduction of @ in Rb. sphaeroideslt should be noted that
change ionization state upornsQformation. large differences are seen in thg @Qs FTIR difference
To obtain information about the ionization state of Glu spectra ofRp. viridis andRb. sphaeroideé32, 33, 35, 3B
H173 in the ground state of native RCs, we examine the Thus, calculations performed oRp. viridis may not be
effect of mutation on the amplitude of the 1728 ¢nband, applicable toRb. sphaeroides In particular, the @ /Qg
which should respond to changes in the local electrostatic spectra ofRp. viridis RCs in *H,O and ?H,O show no
environment. The larger amplitude of the 1728 érhand evidence for proton uptake by carboxylic groups upan Q
in the EQ H173 compared to that in native RCs 43.0% reduction 85, 3§ and thus do not provide support for the
larger) is reminiscent of results from mutant RCs in which results of electrostatic calculations Rp. viridis RCs @3,
Asp L213 was replaced with Asn, Leu, His, or S&2(13, 24).
which was attributed to the replacement of a negatively The 7/Qg FTIR spectra of nativRkb. sphaeroideRCs
charged Asp with a neutral residue. The larger amplitude only show a large positive band at 1728 dmin the
has been attributed to increased proton uptake by Glu L212carboxylic acid region, which is clearly attributed to proto-
in these mutant RCs upongQeduction. {12, 13. The nation of Glu L212. Part of the small negative signal at
greater protonation of Glu L212 in the EQ H173 mutant RCs 1740 cm! has been tentatively assigned to a change of
can similarly be taken to indicate that a negatively charged environment of protonated Asp L210 based on the effects



FTIR Study of @ Mutants in H Subunit of RC Biochemistry, Vol. 37, No. 41, 19984461

of the mutation Asp L2106~ Asn and of'H/?’H exchange electrostatic environment of (14, 37. In particular,
(12). More generally, the FTIR spectra of mutant and native perturbations of several protein and semiquinone modes were
RCs do not show evidence for protonation of another observed in these suppressor mutants. Inthe EQ H173 and
carboxylic acid group. Does this mean that other carboxylic ED H173 mutant RCs presented in this work, the new
acid groups do not change protonation state in response teshoulder seen at 1491 cfon the main semiquinone band
the formation of @ ? The FTIR results indeed suggest this at 1479 cm? of the EQ H173 spectrum possibly reflects a
possibility. It cannot be excluded, however, that some slight perturbation of the interactions of the semiquinone with
carboxylic acid groups have a small contribution to proton the protein. Larger perturbations of the semiquinepetein
uptake £0.05 H"/Qg™) or that their bands are significantly  interactions are expected in the ED H173 mutant as indicated
shifted out of the normal carboxylic acid region, possibly in by the large change observed in the shape of the semiquinone
response to strong interactions with other groups (e.g.,band. Studies using mutant RCs reconstituted with isotope-
another carboxylic acid). Such groups if shifted to lower labeled quinones will be necessary to investigate such
wavenumbers would be difficult to identify, since their bands alterations in detail. It is also worth mentioning that slight
would overlap with bands from the protein. lItis also possible changes in the amide/side chain modes can be observed in
that some carboxylic acid groups have a broader line, makingthe @ /Qg spectra of the EQ H173 and ED H173 mutant
their observation more difficult. Finally, still another pos- RCs, with respect to native RCs. Notably, absorption
sibility would be that transient protonation of carboxylic changes are different in the 1620535 cm?! region of
groups occurs, but it is not detected in the steady-statemutant and native RCs (Figure 2). Inthe EQ H173 spectrum,
measurements reported here. However, kinetic IR measurethe differential signal at 1667/1658 cincould involve a
ments on native RCs and the EQ L212 (Glu L2#2GIn) shift of a peptide carbonyl group. All these effects could
mutant with microsecond resolutiod) do not favor this be related to small structural changes occurring in the EQ
hypothesis. H173 and ED H173 mutants upors @duction, which can
Comparison of FTIR and Kinetic Electron-Transfer Data. contribute to changes in the electron-transfer rate constants
A simple electrostatic model consisting of two interacting measured in optical kinetic experiments. In the high-
point charges, i.e., Glu L212 and Glu H173, can explain the resolution crystal structures of the native RC frdsip.
FTIR results of the H173 mutant RCs (as discussed above).sphaeroidegRp.viridis), Glu H173 (Glu H177) is hydrogen
However, such a simple model is insufficient to explain all bonded to a structural water molecul&—7, 38, 39.
of the optical kinetic data. The rate of charge recombination Possible rearrangements could be directly or indirectly caused
ksp between the photooxidized primary electron dondr D by the loss of the hydrogen bond between the water molecule
and @~ (D*QaQs~ — DQaQe) has been taken as a measure and H173 upon replacement with GIn or Asp.
of the electrostatic environment ogQ.e., the more negative From analysis of the present FTIR results from RCs with
the electrostatic potential nears@he faster the observed mutations at the H173 site and previous FTIR results from
rate (L1). Identical and elevated values > were obtained ~ RCs with mutations at other sites in the L subuti2{14),
for the two mutants in the pH range from 5 to 8 compared Glu H173 and Asp L213 appear to be mostly ionized in both
to those for native RCs (unpublished data) suggesting a morethe @ and @~ states and do not significantly contribute to
negative electrostatic potential aroungl his is seemingly ~ proton uptake in native RCs at pH 7. It thus appears that
inconsistent with the presence of a neutral GIn side chain in protonation of Glu L212, which gives rise to the 1728¢m
the EQ H173 RCs. Thus, the simple electrostatic model band in the steady-statesQQg FTIR difference spectras
seems insufficient to explain the kinetic data. A more the main contributor to proton uptake upog Cformation
complicated model involving many coupled acids acting as in Rb. sphaeroides
a single group was presented to explain the larger value of
ksp observed in the EQ H173 RC48§). This model, ACKNOWLEDGMENT
however, does not easily accommodate the larger value of We thank S. Rongey, E. Abresch, and G. Feher for
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