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ABSTRACT: Proton ENDOR spectroscopy was used to monitor local conformational changes in bacterial
reaction centers (RC) associated with the electron-transfer reactign-DQ™ Qg™ using mutant RCs
capable of photoreducinggQt cryogenic temperatures. The charge separated staf® D was studied

in mutant RCs formed by either (i) illuminating at low temperature (77 K) a sample frozen in the dark
(ground state protein conformation) or (ii) illuminating at room temperature prior to and during freezing
(charge separated state protein conformation). The charge recombination rates from the two states differed
greatly ¢ 10 fold) as shown previously, indicating a structural change (Paddock et al. (B@f)emistry

45, 14032-14042). ENDOR spectra ofgd* from both samples (35 GHz, 77 K) showed several H-bond
hyperfine couplings that were similar to those fay Qin native RCs indicating that in all RCsgQ was

located at the proximal position near the metal site. In contrast, one set of hyperfine couplings were not
observed in the dark frozen samples but were obseordglin samples frozen under illumination in
which the protein can relax prior to freezing. This flexible H-bond was assigned to an interaction between
the Ser-L223 hydroxyl and £* on the basis of its absence in Ser L223Ala mutant RCs. Thus, part

of the protein relaxation, in response to light induced charge separation, involves the formation of an
H-bond between the OH group of Ser-L223 and the anionic semiquingne These results show the
flexibility of the Ser-L223 H-bond, which is essential for its function in proton transfer to reduged Q

Conformational changes in protein structure associatedkag®, is coupled to protein dynamics as shown by several
with electron-transfer reactions play an important role in experimental observations (for a review seeQefirst, the
stabilizing the resultant charge separated state and determinrate of reaction is dependent on protein structure as illustrated
ing the rates of electron transfet{3). In photosynthetic by the effects of cross-linkindLQ), embedding in a polymer
bacteria, reaction centers (RTgerform the initial photo- matrix (11), and hydration 12). Second, the rate is inde-
chemical reactions in photosynthesis (see, e.g., 4edad pendent of the driving forcel@), showing that electron
5) resulting in the light induced reduction of a bound quinone, transfer is not the rate-limiting step, indicating a conforma-
Qs. The reduction of @ clearly demonstrates the influence tional gating mechanism. Third, large differences in the rate
of conformational dynamics on electron transfer. The overall of electron transfer at cryogenic temperature were found
reaction is shown by the solid curves in Figure 1. The first depending upon whether RCs are frozen in the light or in
step is the initial photochemistry, a rapid=€ 10719 s) light the dark, indicating that a structural change between the
induced electron transfer from a electron donor species D neutral and charge separated states is important for electron
(a bacteriochlorophyll dimer) along the A-branch (one of transfer (4, 15). In the present study, we use ENDOR
two pseudo-symmetric pathways) through a series of acceptorspectroscopy (electron nuclear double resonance) (see, e.g.,
molecules bacteriochlorphyll, 8 and bacteriopheophytin, 16 and17) to examine the differences in local structure near
Ha, to a tightly bound quinone, Q(Figure 1). This is Qg between the neutral and charge separated states trapped
followed by a slower € = 10 s) electron transfer from  at cryogenic temperatures in order to understand the structural

Qa™* to a substrate quinone,sJfor a review see res). changes associated with the reduction of Qat may
The rate of the electron-transfer reaction @ — QaQs ™", contribute to the conformational gating of electron transfer.
Studies conducted on protein samples frozen at cryogenic
" This work was supported by NIH Grant GM 41637. temperatures served to elucidate the importance of confor-
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! Abbreviations: RC, reaction center; D, primary donor, dimer of in the dark and illuminated at cryogenic temperatures, the

bacteriochlorophylls; @ primary quinone electron acceptoreQ  reactionkas® became slower as the temperature decreased
secondary quinone electron acceplag®, rate offirst electron transfer . . .
from Qa— to Os; kas®, rate ofsecondelectron transfefrom Qa— to and did not appreciably occur below 150 K. However, if

Qe RCs were illuminated during the freezing process in the
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B-Branch

Ficure 1: Structure of cofactors embedded within the RC protein
matrix (pdb ID code 1AIG, reB). The normal path for electron
transfer to @ occurs predominantly along the A-branch from D to
Qa then @ (solid black arrows). The nearly symmetric cofactors
along the B-branch are normally inactive in electron transfer.
However, direct electron transfer tog@long the B-branch (red
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Ficure 2: Partial structure of the RC showing the catalytis Q
site and the proton-transfer pathways connecting it to the surface
(pdb ID code 1AIG, reb) showing the @ molecule (red); residues
within H-bonding distance, His-L190 and Ser-L223 (yellow);
residues that form part of the proton-transfer pathways, Asp-L213
and Asp-L210 (yellow), Asp-M17 (blue), and His-H126 and His-
H128 (green); and internal bridging water molecules (red spheres)
identified in the D@ and/or DQg* structures (pdb ID codes 1AIG

lines) can be observed in Quint RCs (B-branch mutant used in this and 1A1J). Also shown are part of the subunit backbones of the L

work), which lack Q and have mutations that bias the electron
transfer through the B-branci)(

subunit (yellow), M subunit (blue), and H subunit (green) and the
non-heme F& (rust sphere) that is replaced with the diamagnetic
Zn?* in this work. Closest H-bonding partners are connected via

D*Qg* state and the charges were allowed to recombine dotted lines. The potential H-bonds to the backbone are labeled

without thawing, photochemical electron transfer at cryogenic

temperatures was observelb(18), showing that a change

with the corresponding amino acid positions, L224 and L225. The
arrows represent the general flow of protonst(Hhrough the
pathways with the colors distinguishing different steps that occur

in a structure has occurred between the neutral state and theuring the photocyclic reduction ofgo QsH,. Ser-L223 and Asp-
charge separated state. The X-ray crystal structure of RCsL213 (names highlighted in magenta) are key residues discussed

frozen in the light (@) and frozen in the dark (§) showed

in this work.

a large change in the position of the quinone head group.of Qg using RCs mutants that are modified to allow direct

Qg was displaced by-5 A to a proximal position from
the prevalent distal position observed fay. @ this proximal
position, @~ could form four H-bonds to protein groups

(Figure 2) 6).

electron transfer to gfrom the B-branch bacteriopheophytin
located close to g(see red curved arrow in Figure 1). Using
the higher driving force for electron-transfer, it was possible
to form the charge separated state@s~* in RCs frozen in

The large change in the position of the quinone head groupthe less thermodynamically favorable unrelaxed conformation

suggested that the movement of @om the distal to the

of the dark {). In this way, it was possible to monitor the

proximal position is a possible mechanism for conformational differences between the stability of the charge separated

gating of the electron transfer tas@, 9). Arguments against

D*Qg* states and measure the EPR and ENDOR spectra

this process being rate limiting were the finding that the rate for RCs frozen in the unrelaxed (dark frozen) and relaxed
was independent of the tail length of the quinone molecule (light frozen) conformations.

(13, 19) and the finding that a mutant havings@®ound in
the proximal site retained a slower gated ragd)( In

In a previous articleq), we showed that the lifetime of
the charge separated stat&*Qg*, which is dependent on

addition, infrared studies suggest that at room temperaturethe stabilization of @, was dramatically effected by the

Qg is predominantly in the proximal sit®{). These results

conditions of its formation. In a dark frozen sample (77 K),

suggested that additional conformational changes besides theharge separation occurred in a minor fractier80%) of

quinone movement must contribute to the reaction.
An additional model for the conformational gate is that

the sample with a lifetime of6s. In a sample frozen under
illumination, D™Qg~* was formed in the entire sample with

the protein structure alters the free energy of electron transfera lifetime exceeding 8 (77 K) (7). Thus, the protein

from Qa* to Qs. In this model, the free energy is unfavorable
with the protein in the unrelaxed structure neay @Cs

response, which was prevented by freezing in the dark in
the former sample, resulted in-a 10°-fold difference in

frozen in the dark). It becomes favorable as the protein andthe lifetime at 77 K. For simplicity, we shall refer to samples
solvent relax into a conformation that stabilizes the charge prepared in that manner as unrelaxed (frozen in the dark)
separated state (reflected in the RCs frozen in the light). In and relaxed (in which illumination occurred prior to freezing,
order to test this hypothesis, we have studied the reductionallowing the protein to respond/relax). In those studies,"Q
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were formed by electron transfer from BRBhé& a mutant

Paddock et al.
35GHz EPR andH ENDOR Measurement&€PR and

designed to increase the efficiency of B-branch electron ENDOR spectroscopy were performed at a microwave

transfer (described in re22). This mutant RC carried
the Ala-M260— Trp replacement designed to remove Q
(22—24), thereby creating an RC system without an admix-
ture of Q.

frequency of 35 GHz al = 77 K as previously described
(30). For the B-branch mutant RC, two parallel samples were
made from the same RC material (a100—700xM RC).
One was frozen in liquid nitrogen in the dark. The other

In this work, we extend the previous EPR studies by using Was illuminated by a projector{1 W/cn?, ~5 s) and frozen
ENDOR spectroscopy at 35 GHz to examine the local inliquid nitrogen under illumination. A similar projector was

structure near @ in both the relaxed and unrelaxed protein

used to illuminate the sample in the magnetic resonance

conformations. ENDOR spectroscopy can be used to deter-cavity to generate the charge separated state in the sample
mine positions of protons that are not observable with X-ray frozen in the dark. For the native RC, the'Q. ™ state was
crystallography and is particularly well suited for the Produced by chemical reduction as describ&@).( The
examination of detailed interactions between a radical D"*Qe ™" state was produced by illuminating with a projector

cofactor and its protein surrounding (see, e.g., 28}.

(~1 Wicn?, ~1 s) and freezing in liquid nitrogen under

Interactions between the magnetic moment of the unpairedillumination.

electron of the radical and magnetic moments of protons
(nuclei) from the surrounding protein are detected with a

spatial resolution approaching 0.03 A (see, e.g26fThus,

THEORY

ENDOR spectroscopy utilizes radio frequency radiation

ENDOR can provide a precise measure of the binding to excite nuclear magnetic resonance transitions that are

position and details on the interactions af Qin its binding
pocket (Figure 2). At 35 GHz, théH ENDOR signals
resulting from interactions betweensQ and the protein are
spectrally separated from those associated with The'H

detected by changes in the EPR signal of an interacting
electron spin16, 17). ENDOR spectra are plots of the EPR

signal amplitude versus the frequency of the applied radio
frequency radiation used to modulate the proton spin. The

ENDOR spectra of the relaxed and unrelaxed states weresimplest ENDOR spectrum of a single proton interacting with
measured and differences between them discussed, and then electron spin for a molecule in a fixed orientation such

implications for the catalytic functions (i.e., reduction and as that in a crystal consists of two lines centered sym-

protonation) of @ are also discussed.

MATERIALS AND METHODS

Construction and Purification of the Quintuple B-Branch
Mutant RCs The construction and purification of the
B-branch mutant was previously describ@@)( The mutant
RC contained the following changes: GCE€ TGG (Ala-
M260 — Trp), CTG— CAC (Leu-M214— His), TAC —
TTC (Tyr-M210— Phe), GGT— GAC (Gly-M203— Asp),
TTC — TAC (Phe-L181— Tyr), and in one mutant TCG
— GCC (Ser-L223~ Ala). RCs were purified as previously
described 27).

Biochemical ZA" ReplacementTo perform EPR and
ENDOR spectroscopic studies og® the high spin F&
was removed and replaced with diamagnetic®Zras
described by Debus et aR&) and as modified by Utschig

metrically around the free proton frequenay..e, WwhereA

is the hyperfine coupling due to the interaction between the
nuclear spin and electron spin (eq 1). The larger the coupling,
the larger the interaction and most likely the smaller the
distance between the proton and electron spin.

A

V= Viree + 2 (1)

wherev is the peak frequencyy.e the free proton frequency,
andA the hyperfine coupling constant.

The ENDOR spectra due to interactions between H-bonded
protons and the semiquinone have been extensively described
(29). In its simplest form, the ENDOR spectra from H-
bonded protons arise from the magnetic dipole interaction
between the nuclear spin of the proton with the electron spin
at the H-bonded oxygen on the quinone. The interaction is

et al. £9). Protonated quinone/semiquinone was removed anisotropic, that is, it depends on the orientation of the

from the @ site by incubating for 30 min in 100 mM Caps
at pH 11 and 10@M ferricyanide (to oxidize the fraction
of Qg™ present in the dark), and 2% LDAO and 100 mM
o-phenanthroline (to displace Ug). The RCs were bound
to a DEAE column and rinsed with 10 column volumes of
10 mM Caps at pH 11, 1@M ferricyanide, and 100 mM
o-phenanthroline, and then with 10 column volumes 10 mM
Tris at pH 8, 0.025% LDAO, and 1 mM EDTA. The
B-branch mutant RCs were reconstituted witB-fold excess
of deuterated U@ in 1% LDAO to occupy the @ site
followed by dialysis against TMK (2 mM Tris-HClI at pH 8,
0.04% 3-p-maltoside, and 5 mM KCI). The £site of the

magnetic field vector with respect to the H-bond direction.
For a randomly oriented sample such as that used in this
study, the powder pattern ENDOR spectrum due to a single
proton shows resonances at many frequencies because of the
different orientations of the molecule in the magnetic field.
At the magnetic field position corresponding ty, the
spectrum corresponds to a two-dimensional powder-type
spectrum, with weighted contributions mainly from ad}
planedirections, providing little field selection (see, e.qg., ref
26). The major features of the spectra are four peaks with
two peaks below the free proton frequency and two peaks
above the free proton frequency symmetrically spaced around

native RC was reconstituted with 10-fold excess of deuteratedthe free proton frequency. The larger couplidg, is from

UQo in 1% LDAO, diluted 4-fold, and concentrated in an an orientation in which the magnetic field is parallel to the
Amicon concentrator. The concentrated material was thenH-bond direction, and the smaller coupling, is from an
used to make EPR and ENDOR samples with the intent of orientation in which the magnetic field is perpendicular to
minimizing incubation that would allow the exchange of the H-bond direction. For the case where the interaction is
protonated quinone from the Gite. due to a magnetic dipolar interaction alone (i.e., no isotropic
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FicUrRe 3: EPR spectra (35 GHz) ft§/dBg) of D**Qg* in the dark
frozen sample before (DARK) and after illumination (DARK illum)
and in the sample frozen under illumination (LIGHT). The EPR
peak positions (principaj-values) are the same in the DARK and
LIGHT samples; the amplitude was5-fold smaller in the DARK
illum sample because of the minor fraction in which the@s™*
state can be generated).( The RCs were chemically treated to
replace the P& with Zn?* to allow observation of @™, which
would otherwise be broadened by the spin of th&"H83). At 35
GHz, the low field region of the EPR spectrum arises frogTQ
(as labeled on left side of traces) and is spectrally separated from
that of D™ (as labeled in middle of traces); a Si marker line is
located on the far right. The lifetime of charge separated state was
the same as that observed ir*Feontaining RCs and the same as
that observed at 9 GHZ7). (Conditions: [RC]~100uM, ID of
EPR tube= 0.2 cm,» = 35 GHz, 77 K; 16 traces were averaged.)

coupling due to covalency), the principal values are related
by a factor of 2 such that, = —2A5 (25). For this simple
case, the value of the hyperfine coupling is given by eq 2 as
follows:

A= @(3 cog o — 1) [MHz] (2)
r

wherer is the distance in A between the proton and oxygen,
p is the spin density on the oxygen, addis the angle
between the magnetic field and the H-bond direction. For
A, 0 = 0, and forAg, 0 = 90°. The simple point dipole
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no contribution from the donor. The EPR signal was stable
at 77 K and does not decay for>1(f s. For the sample
frozen in the dark, no EPR signal was initially observed
(Figure 3, DARK). However, an EPR signal due to the
charge separated staté*RQg* was formed upon illumination
(Figure 3, DARK illum). The EPR signals for RCs frozen
in the light and dark exhibited very similay values. The
light induced signal decayed in the dark with a lifetime of
~6 s as previously observed)( The signal was absent in
control samples (not shown) to which the &ite inhibitor,
stigmatellin, was added showing that the signal results from
D*Qg*. Similar EPR signals were seen in Quint RCs having
the mutation Ser L223~ Ala that were frozen in the light.
However, no light induced EPR signals were seen in these
mutant RCs that were frozen in the dark.

IH ENDOR Spectra of @* in the Frozen State at 77 K
in the B-Branch Mutant RCTo investigate local structural
changes that occur upon charge separatibh ENDOR
spectra of @* were measured in the Quint RC frozen in
the light and frozen in the dark. In addition, the ENDOR
spectrum of Quint RCs having a mutation to the H-bond
donor residue Ser L223> Ala was measured in order to
help identify ENDOR lines. The samples contained deuter-
ated quinone. Thus, the proton ENDOR lines due to the
protons on the quinone are eliminated, and only ENDOR
lines contributed by the protein and solvent protons are
expected. The samples were monitored at the magnetic field
position corresponding tg, (see arrow in Figure 3), which
provided the largest £* ENDOR signals with minimal
contribution from D

The complete ENDOR spectra centered around the free
proton frequency are displayed in Figure 4A. Lines with
larger splittings (A| > 3 MHz) are due to hydrogen bonding
interactions (H-bonds) between the oxygen atoms gf*Q
and protons from the nearby proteRb]. Lines with smaller
splittings (A| < 3 MHz) due to weaker interactions of the
quinone with more distant protons are seen in the matrix
region (matrix). A few changes occurred in the matrix region.
In particular, the lower frequency edge of the matrix region
(52.2-52.5 MHz) differed between the Quint (light) and

model adequately describes some systems such as (withirQuint (dark), and between these and the mutant RC with

5%) benzosemiquinones in solution (see, e.g., 3&f.
However, recent studies of the interaction of Qwith its

two H-bonds in the RC showed that this simple picture must
be modified because of the interaction with the His<Zn
proton due to a significant isotropic coupling with the
semiquinone. The point dipole approximation can also falil
for the case where the direction of the H-bond significantly
deviates from the plane of the quinone rirh,(32).

RESULTS

EPR Spectra in the Frozen State at 77TiKe signals from
the charge separated s states were monitored by EPR
spectroscopy (35 GHz, 77 K) using the quintuple B-branch
mutant RC (Quint RCs) (containing Zrideuterated &)

the additional SAL223 replacement. Assignments for these
lines were not attempted because such lines are the result of
interactions with numerous more distant protons. In addition,
not all of the matrix protons were exchangeable, indicating
contributions to the spectra of nonexchangeable side chain
protons.

The low frequency side ENDOR spectra in the H-bonding
region for the three samples are shown in Figure 4B. In the
ENDOR spectrum of Quint RC frozen in the light, we
tentatively assigned three pairs of lines to theand Ag
components of three H-bonds tg Q. These are shown in
Figure 4B, LIGHT labeled (1, '), (2, 2) and (3, 3),
respectively. The smaller peaks (1, 2, 3) were attributed to
the parallel &) components of the three H-bond hyperfine
coupling tensors. The higher intensity line$ éhd 3) and

frozen in the light or frozen in the dark. In the samples frozen shoulder (2 were attributed to their respective perpendicular
under illumination, an EPR signal was observed because of(Ag) components. The amplitude of all of the H-bonding lines
the charge separated staté&*Qg (Figure 3, LIGHT). At were all diminished when the solvent was changed 10 D

35 GHz, the signal due togQ" at low field was completely (48 h) showing that the protons were exchangeable (data not
separated from the signal at higher field due to @Figure shown) as expected. It is likely that peaks 3 aridae

3) allowing ENDOR spectra of the quinone to be made with composed of overlapping signals from two different protons
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Ficure 4: ENDOR spectra of @ in the B-branch mutant
(QUINT) samples frozen under illumination (LIGHT), frozen in
the dark, and illuminated (DARK), and in a mutant containing the
additional Ser-L223— Ala (SAL223) replacement. (A) At the
magnetic field position corresponding tg, groton nuclei that
couple to the spin of & result in two pairs of lines symmetrically
shifted from the free proton frequency. The principle values of the
hyperfine coupling interactiondy, and Ap, are obtained from the
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frequency difference between symmetrically related lines (see text).

At the bottom, the black bars indicate the H-bonding region where
peaks associated with H-bonds betweeyT°Qand the protein are

observed; the black bar on the bottom indicates the matrix region,

Paddock et al.

H ENDOR Spectra of g* in the Natve RC.We wished
to assess the similarity of the nativggsQ ENDOR spectra
with that measured for the B-branch mutant for samples
frozen under illumination. However, it was difficult to obtain
a pure'H ENDOR spectrum of @ of the native RC
because of contributions fromxQ in the sample due to the
intrinsic equilibrium between Q* and @~ and a fraction
of RCs that lack @. In order to remove the spectrum of
Qa~* from the native ENDOR spectrum, we focused on the
matrix region, which was expected to be very similar because
it is composed of contributions of more distant protons that
are essentially structurally the same in the native and mutant
RCs @5). Because of the reconstitution procedurg a@nost
exclusively contained the native (non-deuterated)(§pec-
trum shown in Figure 5A). A fraction of the £Q* spectrum
was subtracted from the native OBS spectrum giving a DIFF
spectrum (Figure 5A, OBS) that resembled that of the
B-branch mutant @ in the matrix region (Figure 4A,
quintuple LIGHT). In particular, the peaks in the matrix
region near 52.6 and 53.8 MHz were diagnostic of the*Q
contribution to the observed spectrum. The resultant differ-
ence spectrum is shown labeled as DIFF in Figure 5. This
spectrum revealed peaks that were analogous to those
observed in théH-ENDOR Q@ spectrum of the B-branch
mutant RC frozen under illumination (Figure 4, LIGHT). In
particular, a peak analogous to that assigned to the hydroxyl
group of Ser-L223 (arrow) was observed in the native sample

which is composed of numerous more weakly coupled protons; an (Figure 5B); the slight shift in the position of the peak near
arrow indicates the free proton frequency, corresponding to the 49.3 MHz could be the result of a smakQ.1A) increase

position at which a line resulting from an uncoupled proton would
appear (i.e., with no hyperfine interaction). Note the overall
similarity of the traces, in particular in the region in which peaks

due to H-bonds are observed. The amplitude of the dark sample
was increase 5-fold because only a fraction of the sample undergoes
charge separation, to allow a better comparison of the ENDOR

signals. (B) Expansion of the ENDOR spectra gf ©Qfocusing on
left H-bonding region from part A. Note that the majority of the
peaks (labeled in pairsandl’, 2 and2', and3 and3') are at the

same position in all of the samples; the peaks are slightly broader

in the sample frozen in the dark. This indicates that the binding
position of ~* with respect to the local protein is the same in all

in the length of the H-bond in the native RC.

DISCUSSION

In this work, we used ENDOR spectroscopy to investigate
the local changes in the protein that occur negruu@on its
reduction in the photosynthetic bacterial RC fréthodo-
bacter (Rb.) sphaeroide€hanges were observed that could
contribute to the>1CP-fold greater lifetime of the D'Qg ™
state formed by freezing under illumination compared to that

of the samples. There is one exception indicated by an arrow andformed by illumination of a sample frozen in the dark. The

labeled?2 that is present only in the sample frozen under illumination
(LIGHT); itis not present in the sample frozen in the dark (DARK),
nor in the sample with the additional Ser-L223Ala replacement
(SAL223). (Conditions: [Zn-RC(dQ}~0.7 mM, ID of EPR tube

= 0.2 cm,v = 35 GHz, and 77 K; up to 80,000 traces were
averaged.)

observed changes, the implications on the binding position
of the quinone and its properties, and the possible functional
relevance for facile proton transfer of the observed changes
are discussed below.

Reducible @ Bound to the Proximal PositionThe 1H-
ENDOR spectra of @ in the H-bonding region in Quint

on the basis of the previous site-directed mutagenesisrCs frozen in the light and in the dark (Figure 4B), and in

experiments on Native RC84).
The ENDOR spectrum of £* in the H-bonding region

Native RCs (Figure 5B) were very similar (with the exception
of a single peak that is absent in RCs frozen in the dark).

in RCs frozen in the dark was similar to that of RCs frozen The similarity in the peak positions indicated that most of
in the light, indicating that almost all of the H-bonds are the H-bonds to the semiquinone were similar in all three
present in both cases (Figure 4B, DARK). However, peak 2 RCs. Because the semiquinong @Qn native RCs was found
(and 2), indicated by the arrow in Figure 4B, is present in to be in the proximal position in the X-ray crystal structure
the sample frozen in the light but is not present in the sample for the Native RC §, 36), we conclude that in all casesQ
frozen in the dark. To help identify the missing peak, the was located in the proximal binding site.

ENDOR spectrum of the mutant RC containing the additional  Qg~* Bound to the Distal Position Was Not Obsed. For
Ser-L223— Ala replacement (SAL223) was measured. The the Quint RC frozen in the dark, it has been shown that only
ENDOR spectrum of the SAL223 mutant in the H-bond a fraction (~30%) are in an active configuration capable of
region is similar to that of the Quint RCs but lacks peak 2 photochemical reduction of )(7). The results from this
(and 2) (Figure 4B, SAL223). The absence of peak 2 in the study indicated that this active configuration is one in which
SAL223 ENDOR spectrum shows that this peak is due to Qg is bound in the proximal site. The activity ofgQn the
the H-bond from Ser L223. proximal site is probably due to the strong effect of the
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(labeled?) that was absent in the Quint (dark) (Figure 4B).
Most of the H-bonds (from NH protons from backbone
peptides of His) to the quinone bound in the proximal site
are rigidly fixed in the protein structure, and their posi-
tions can be deduced from the X-ray crystal structure. In
contrast, the hydroxyl group from Ser L223 can serve as an
H-bond donor to either Qor to Asp L213 (Figure 2). Thus,
the H-bond from Ser L223 cannot be determined by
X-ray crystallography. The definitive assignment of the
ENDOR line 2 to the hydroxyl proton of Ser-L223 came
from studies on the effects of mutations on the observed
spectrum. In the mutant RC with the additional Ser-L223
— Ala replacement, the peak was absent (see arrow in
Figure 4B). From this result, we concluded that this peak is
due to the interaction from the hydroxyl proton of the Ser
side chain.

The absence of peak assigned to Ser L223 in the un-
relaxed RC was attributed to a change in the position of the
proton because of the switch in the H-bond frorg Qto
Asp L213. Because ENDOR is extremely sensitive to

shows that observed (OBS) for a native sample excited with a single distance, an increase in the distance between the oxygen atom

saturating laser flash. ThegGite was occupied with deuterated
UQso- This trace includes an admixture of somg QThe spectrum

of Qa~*, measured in a sample lacking,Qs shown in the second
trace; because of the reconstitution procedure, thesi@ almost
exclusively contained the native (non-deuterated) Q@ he
contribution of Q * was subtracted from the observed trace to yield
the spectrum of @* shown as the third trace (DIFF £Q)). The
scaling factor for the amount of Q° in the observed trace was
determined by matching the matrix region of the DIFRR (@ with
that of the quintuple @ (QUINT) obtained by freezing under
illumination (from Figure 4). Because the matrix peaks result from

of Qg and the proton of as small asl A would shift the
peak from the H-bonding region to the matrix region (Figure
4A). Although the ENDOR spectrum in the matrix region is
very congested and difficult to analyze, there are changes
that could be due to movement of the H-bonded proton, for
instance, the low-frequency peak at 52.25 MHz. Thus, the
proton responsible for the ENDOR line had a hyperfine
coupling of Ay = 8.0 MHz 5% in Quint (light) (i.e., the
line is shifted+4.0 MHz from the free proton frequency of

protons located further from the semiquinones, they should be less53 25 MHz, to 49.25 MHz on the low frequency side shown

sensitive to possible local structural changes. For example, the peal

near 52.5 MHz, which is a prominent matrix peak of @ was
used to determine the relative amount @f ©o be subtracted from

Kn Figure 4B) and a smaller coupling of most likely < 2

MHz in Quint (dark).

the observed spectrum. The difference spectrum better matched For a proton in a typical hydrogen bond, the point dipole
other parts of the matrix region, indicating that the subtraction was approximation can be used to estimate the H-bonding

appropriate. Without knowledge of the quintuplg @ the scaling
factor for the amount of @ in the observed spectrum would have
been difficult (if not impossible) to determine. (B) Expanded view
of the left side emphasizing the H-bonds. Note the similarity of
the peaks in the nativegQ* shown in the third trace from the top
(DIFF (@) and those from the Quintuple mutant in whica @
cannot be formed. Highlighted with an arrow is the peak attributed
to the hydroxyl group of Ser-L223, which is also present in the
spectrum of the native sample. The small shift in position may
indicate a slight difference in distance of the magnitude-6f02

A. Small shifts are also observed in the position of many of the
smaller amplitude peaks. Overall, the nativgg Qis within
uncertainty the same as that of the quintuple QIn particular,
the H-bond from Ser-L223 (labeled) is present in the native §°
spectrum. (Conditions: [Zn-RC(dQ)}0.7 mM, ID of EPR tube

= 0.2 cm,v = 35 GHz, and 77 K; up to 30,000 traces were
averaged.)

H-bonds in stabilizing the negative charge on the semi-

distance from the value of the hyperfine interaction (eq 2).
Using the apparent value & = 8.0 MHz and previously
determined values for the spin densiy € 0.18) at the
oxygen atom nearest Ser-L223 (see, e.g.2Bfwe obtain
from eq 2 a distance of 1.5 A from the proton to the oxygen
atom. Because this equation is known to underestimate the
distance by~0.2 A for the H-bonds to @ (26, 32), the
real distance is slightly longer and closer to 1.7 A, which is
essentially an optimal hydrogen bond distance (see, e.g., ref
37). Thus, the magnitude of the hyperfine interaction adds
further support for the assignment of the line to the H-bond
from Ser L223.

Ser-L223 Hydroxyl Proton ENDOR Line in the N&iRC.
The @~ ENDOR spectrum of the native RC was determined
for the relaxed protein conformation by subtracting the
contribution due to @. The similarity of the native

quinone in the charge separated state. The X-ray crystaldeconvoluted @ spectrum in the H-bonding region (Figure
structure of Quint RCs frozen in the dark showed that the 5B) to that measured in the B-branch mutant (Figure 4B)

predominant position of gwas in the distal site22). Thus,
these results show thats@ the distal site is apparently not
stably reduced. It was either not reduced efficiently kyH

showed that @ * has essentially the same H-bond interac-
tions in both the native and mutant RCs. In particular, the
peak assigned to the H-bond from Ser L223 is present in

or was reduced but rapidly recombined resulting in a small poth native and Quint RCs frozen in the light. The small

(unobserved) steady-state population.

Assignment of the Mobile Proton upors Reduction to
Ser-L223 Although the majority of the ENDOR lines in the

changes in the position of the ENDOR peaks in the
H-bonding region£0.1-0.2 MHz) indicate slight changes
in the H-bond juxtaposition (such as the change in distance

H-bonding region were the same between the Quint (light) as minor as~0.02 A). These results indicate that in the
and Quint (dark), there was one peak indicated by an arrowrelaxed protein conformation g* was in the proximal
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position with an H-bond to Ser L223 in the native RC as that the stabilization of the charge separated state is due to
well as in the Quint RC. a lowering in energy of the relaxed state.

These results extend the previous findings by Utschig et Although it is tempting to ascribe the lowering in energy
al. (38 who used high field ENDOR to investigate in the relaxed state to the switch of the Ser L223 H-bond,
changes in D'Qg " states formed by freezing under avariety he H-bond energy is not sufficient to account for the
of light exposure conditions, resulting in a variety of partially opserved change in the rate because we observed a long
relaxed configurations. They obtained samples in which jifatime for the Quint mutant lacking Ser L223 (Figure 4).
D™Qs™ was inactive, that is, no observed recombin- |nstead, itis likely that there are many changes that contribute
ation at 20 K, or active in which DQs™ decayed non- 5 charge stabilization. Alexov and GunndBy, Ishikita and
gxpo.nen.tlally in 16-100 s at 20 K and could be formed by Knapp @4), and Zhu and Gunne#§) have provided possible
illumination at low temperature. The former state was molecular responses and a starting point for the discussion
analogous to the re_IaxedBQ state reported in this work. 4t molecular changes resulting from the reduction ef @

They reported no difference between the ENDOR spectra 5qgition to the stabilizing effect of forming an H-bond to
in the matrix regions of their active and inactive states. This Qg from Ser L223, protonation of a cluster of acids near
observation suggests that theirac_:ti\{e, thatis, partially relaxed,ipa Q site could provide additional stability to the charge
state has ENDOR properties similar to those of the fully separated state. Furthermore, protonation of a water molecule
relaxed state. in the Q@ region was suggested on the basis of FTIR

Gating of Electron TransferOne of the unresolved  gpectroscopy46). The overall stabilization is likely to be
questions related to the reduction of 3 the nature of the due to the sum of many contributions.

conformational gate that limits its reduction via the pre-
valent A-branch. The sensitivity of ENDOR spectro-
scopy enables one to observe small changes in proton
positions that are otherwise difficult to detect but possibly
important for the energetics of enzymatic reactions. In this
work, we observed a change in the H-bonding ¢f Qn

Our ENDOR results indicate the formation of an H-bond
between @ and Ser L223 at cryogenic temperatures. In
contrast, FTIR studies suggest that the Qs not H-bonded
to Ser L223 at higher temperatures280 K) (47). A possible
resolution to this seemingly contradictory result is that

response to its reduction using the quintuple mutant in H-bonding is temperature-dependent. If the Ser L223 does

which Qs was reduced via the B-branch. Electron transfer hot form a H-bond to Q then it should be H-bonded to
via the B-branch has a greater driving force, thereby al- the nearby Asp-L213 (Figure 2). The H-bond to Asp L213

lowing access to states that are otherwise inaccessible. WéShOUId be especially favorgblg if Asp L213 is negatively
assigned the responsive H-bond to the hydroxyl group of charged as suggested by kinetic measuremdgisif) and
Ser-L223. The overall similarity to the native ENDOR FTIR stud|es:50). The formation of an H-bond between Ser
spectrum suggests that these results are applicable to thé223."?md Q™ atlow temperature suggests that under these
native RC. An increase in the stabilization of®@could ~ conditions Asp L213 is protonated. We suggest that the
result from the formation of an H-bond to the Ser-L223 protonatlon_ofAsp L213 may also .be present in the relaxation
hydroxyl group and could explain (in part) the in- Process .(Flggre 6).. The protonation of Asp L213 and other
creased lifetime of the relaxed "B state. However, carbp_xyll_c acid reS|dlues in the region may contribute to the
Ser-L223 H-bond formation is not by itself the con- stabilization of @ in the charge separated state at low
formational gate that limits @ reduction via the A-  emperature.
branch because the observed electron-transfer rate Role of Ser L223 in Proton Transfefhe H-bond from
remains very similar in a mutant in which Ser-L223 is Ser L223 plays a crucial role in proton transfer tg™Q
replaced with Ala 89). Additional changes observed associated with electron transfer. The mutation of Ser L223
in the matrix region indicated that more distant protons to Ala drastically reduces the rate of proton coupled electron
have also responded to the charge separation. Fur-transfer that has been proposed to be due to the blocking of
ther studies are needed to assign these lines to specifiqroton transfer to @ (39). The mechanism of proton
protons. transfer in biological systems is believed to occur through a
Effects of Protein Response on Functional Properties of chain of H-bonded groups in series via a Grothuss mecha-
Qs. A major functional difference between the Quint RCs nism @, 51). The Grothuss mechanism consists of two
frozen in the dark and frozen in the light is the lifetimes of steps: (1) the transfer of protons across the H-bonds and
the charge separated states, which were foune 6 & and (2) the rotation of the H-bond from one H-bond acceptor
>10" s, respectively?). Similar long lived states have been group to another to re-establish the starting H-bond pattern.
observed by other authors for native RCs frozen under The proton transfer to £ can be seen as an extension of
different illumination conditions 15, 18, 38, 40, 41). In the proposed relaxation process in Figure 6. The rotation of
principle, the longer lifetime of the long lived state frozen the H-bond from Asp L213 to g is followed by proton
in the light may be due to a reduced electron-transfer rate transfer, producing the protonated semiquinogelQIn the
for the back electron-transfer reaction. This could result from mechanism for proton coupled electron transfer to reduced
either a change in electronic coupling or in the driving force Qg (52, 53), the protonated semiquinone is not a stable
(42). Because the ENDOR spectra indicate that the location species but is an intermediate state, present with low
of Qg™ is the same for RCs frozen in the light or in the probability, that serves as the acceptor for electron transfer
dark, it is unlikely that a change in electronic coupling alone from Qa*. The protonation step is crucial to establish a
could be large enough to account for the change in rate. Afavorable driving force for electron transfer. Overall, the
change in distance of greater th& A would be required,  proton equilibrates rapidly and is not rate limiting. The rapid
which is inconsistent with ENDOR results. Thus, it seems rate of proton transfer to £ is greatly facilitated by the
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Ser-L223 — Ser-L223 -
\ NoQp Y Qs
H O—@—O ..... H : H. 'Et 6_@_@ ..... H
ri His-L190 His-L180
()
Before Afier
Asp-L213 relaxation Asp-L213 relaxation

Ficure 6: Model of the @ site to explain the observed low temperature (77 K) ENDOR spectra. On the left is the model for the active
fraction of the frozen-in-the-dark sample in whicl @ bound in the proximal site with the protein in the ground state conformation, that

is, prior to charge separation. Upon illumination, thee @ state is formed and detected with EPR and ENDOR spectroscopy. Because

the sample is frozen, the normal protein relaxation to the formationsof i® inhibited and is thus termed thwarelaxedconformation. On

the right is the model for the sample frozen under illumination in whigh*@ bound in the proximal site with the protein in the excited-

state conformation, i.e., following charge separation. Because the charge separated state is formed at higher temperatures (298 K), the
protein can respond to the charge separation prior to freezing, and consequently, the protein iglaxétconformation. The major

difference observed in the ENDOR spectra is the H-bond between Ser-L223gandmich is present only in theelaxedconformation

at 77 K. Calculations suggest that this H-bond occurs when Asp-L213 becomes protdidated].(These changes indicate the formation

of an H-bond network that could promote proton transfer as indicated by the arrows.

switching capability of the H-bond from Ser L228, (43, ACKNOWLEDGMENT
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