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Photosynthetic organisms utilize interacting pairs of chlorophylls and bacteriochlorophylls as excitation energy donors and
acceptors in light harvesting complexes, as photosensitizers of charge separation in reaction centers, and maybe as photoprotective
quenching centers that dissipate excess excitation energy under high light intensities. To better understand how the pigment’s local
environment and spatial organization within the protein tune its ground- and excited-state properties to perform different functions,
we prepared and characterized the simplest possible system of interacting bacteriochlorophylls within a protein scaffold. Using HP7,
a high-affinity heme-binding protein of the HP class of de novo designed four-helix bundles, we incorporated 13*-OH-zinc-
bacteriochlorophyllide-a (ZnBChlide), a water-soluble bacteriochlorophyll derivative, into specific binding sites within the four-
helix bundle protein core. We capitalized on the rich and informative optical spectrum of ZnBChlide to rigorously characterize its
complexes with HP7 and two variants, in which a single heme-binding site is eliminated by replacing histidine residues at positions 7
or 42 by phenylalanine. Surprisingly, we found the ZnBChlide binding capacity of HP7 and its variants to be higher than for heme:
up to three ZnBChlide pigments bind per HP7, or two per each single histidine variant. The formation of dimers within HP7 results
in dramatic quenching of ZnBChlide fluorescence, reducing its quantum yield by about 80%, and the singlet excited-state lifetime
by 2 orders of magnitudes compared to the monomer. Thus, HP7 and its variants are the first examples of a simple protein environ-
ment that can isolate a self-quenching pair of photosynthetic pigments in pure form. Unlike its complicated natural analogues,
this system can be constructed from the ground up, starting with the simplest functional element, increasing the complexity as
needed.

B INTRODUCTION

Chlorophylls (Chls) and bacteriochlorophylls (BChls) are the
primary light-absorbing pigments of photosynthetic organisms.
Most of them are organized in densely packed arrays within light
harvesting protein complexes (LHCs)," while a small fraction,
embedded in reaction center (RC) proteins,2 initiates and
propagates photoinduced charge separation that 3provides the
driving force for all further metabolic processes.” The LHCs
provide a high absorption cross-section over a broad wavelength
range and maintain sufficient photon flux to the RC.* In this
architecture, known as the photosystem, interacting (B)Chls
function as excitation energy donors and acceptors in LHCs, on
one hand, and photosensitizers of electron transfer in RCs, on the
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other hand. An additional protective role for interacting
(B)Chls as quenching centers that dissipate excess excitation
energy under high light intensities was recently suggested.>®
Clearly, the pigment’s local environment and spatial organiza-
tion within the protein determine its functionality by tuning
its ground- and excited-states properties. Yet, although the
details of many natural (B)Chl—protein structures are known
at high spatial resolution, and excitation energy and charge
transfer processes are well understood and can be followed
with high temporal resolution,””~® the complexity and
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diversity of the natural systems'®'" obscure the fundamental

factors determining the balance between light harvesting, dis-
sipation, and charge separation.

To explore the details of (B)Chl—(B)Chl and (B)Chl—
protein interactions in the simplest possible system, we prepared
and characterized a simple BChl—protein complex comprising a
minimal number of water-soluble BChl derivatives bound to a
de novo designed protein. We chose to use the well-established
HP class of de novo designed four-helix bundles that were
originally developed by the Dutton lab” '* and has proven
extremely valuable for understanding the underlying parameters
of heme—protein functionality.'">~'” Particularly, we focused
on HP7, a high-affinity heme-binding protein of the HP class, for
which binding of the water-soluble zinc-substituted bacterio-
chlorphyllide-a (BChlide) derivative 13°—~OH—Zn—BChlide
(ZnBChlide) was already demonstrated.'® The 13*-OH deriva-
tive was preferred over the native 13>-H derivative because the
latter is spontaneously converted into the 13*-OH derivative in
aqueous solvents. Thus, using the pure 13*-OH derivative
improves sample homogeneity. Here, we report on the incor-
poration of interacting ZnBChlide pigments into HP7, and two
additional variants, HP7H7F and HP7HA42F, in which a single
heme-binding site is eliminated by replacing histidine residues at
positions 7 or 42, respectively, by phenylalanine.

ZnBChlide is an excellent building block for constructing
water-soluble analogues of natural LHCs because its high chem-
ical homology and spectral properties are almost identical to
those of natural BChls. Its bacteriochlorin-type optical spectrum
is the richest and most informative as compared to the proto-
porhyrin- and chlorin-type spectra of heme, and Chl derivatives,
respectively. Particularly, the well-resolved lowest energy elec-
tronic transitions, Q, and Q,, are excellent probes for local
changes in the electronic environment as a result of pigment—
pigment and protein—pigment interactions. Furthermore, the
moderately absorbing Q , transition is a direct reporter of the
ligation state and charge density of the central metal."*”?*
Importantly, the coordination preferences of the central Mg
atom of native BChI are very similar to zinc and very different
from the native central Fe atom of heme. Thus, while bis-histidyl
ligation is the most abundant heme-binding mode in heme—
proteins,”* it is rarely found in (B)Chl proteins where axial
ligation by a single histidine is the preferred binding mode.*®
Similarly, monohistidyl ligation is exclusively preferred in natural
and artificially reconstituted ZnBChl proteins.>**®

So far, very few examples of binding Chl derivatives,””** and
even fewer of binding BChl derivatives™ to de novo designed
proteins have been reported. This is despite the significant
chemical homology of heme, Chls, and BChls, the successful
introduction of (B)Chl derivatives into natural heme-binding
proteins such as myoglobin,’*>" and the great interest in the
energy conversion functionalities of (B)Chls in photosynthetic
enzyme complexes. The hydrophobic nature of (B)Chls and
their tendency to self-aggregate in polar solvents severely
limit incorporation into water-soluble proteins and require
either chemically modifying the natural pigments, or working
in more hydrophobic environments like lipid membranes or
detergent micelles. Unfortunately, the latter condition demands
the use of transmembranal-like proteins that are compatible with
these environments but are much more difficult to design,
control, and characterize than water-soluble proteins. Thus,
despite a few successful examples of (B)Chl-binding and
assembly with de novo designed hydrophobic and amphipathic

protein scaffolds,* * progress in this direction has been
very slow.

Our spectroscopic studies reveal substantial differences be-
tween heme and ZnBChlide incorporation into HP7 and its
variants. Surprisingly, we found that the proteins can adopt an
alternative quaternary structure for ZnBChlide binding that was
not considered for heme binding. This conformation enables
binding of up to two monobhistidine ligated ZnBChlide pig-
ments each at positions 7 and 42. Consequently, HP7H7F and
HP7H42F bind up to two ZnBChlide pigments per protein,
whereas HP7 binds up to three pigments per protein. Binding of
a fourth ZnBChlide to HP7 was not observed probably due to
steric crowding. Additionally, we found that excitonic interac-
tions are predominant between two or more protein-bound
ZnBChlide molecules. These shorten the excited-state lifetime
by 2 orders of magnitude, thereby leading to significant fluores-
cence quenching. We discuss implications of these findings for
the functionality of natural LHCs and the de novo design of
functional (B)Chl—protein complexes.

B EXPERIMENTAL SECTION

Pigment Preparation. BChl-a (Scheme 1, 1) was isolated from
Rhodobacter sphaeroides using standard methods.*® It was first hydro-
xylated at position C-13> to yield 13*-OH-BChl-a (Scheme 1, 2), by
dissolving in methanol and stirring in the dark for 3 days. Next, the
phytyl ester was hydrolyzed by dissolving in 80% TFA (trifluoro acetic
acid) under Ar gas flow and stirring for 2 h. This also led to demetalation
of the Mg atom and yielded 13*OH-bacteriopheophorbide-a
(Scheme 1, 3), as the primary product, which was purified on a silica
gel column and used for ZnBChlide synthesis by the transmetalation
method.*" An excess of anhydrous cadmium acetate was added to
Bacteriopheophorbide-a in refluxing dimethylformamide (DMF) under
strict Ar protection and was stirred for 40 min at 110 °C. The reaction
was followed spectroscopically and ran to completion. Sodium ascorbate
and zinc acetate were then added to the mixture, and this reaction too
was followed spectroscopically and ran to completion. The desired
product, 13*-OH-Zn-BChlide-a (Scheme 1, 4), was purified on a C8
HPLC columnn (ACE 10), using a 40:60 acetonitrile:water mixture, at
a flow rate of 5 mL min~ . The eluting solution was evaporated; the
pigments were redissolved in methanol that was also evaporated, and
the remaining solid pigments were stored under Ar at —20 °C. Electro-
spray ionization-mass spectrometry of the purified product indicated a
molecular ion (M") of 673 m/z, as expected from the molecular
formula.

Protein Expression and Purification. A gene coding for the
HP7 sequence was kindly provided by Prof. Ron Koder, City University
of New York, New York, NY. Two variants, HP7H7F and HP7H42F,
having Phe instead of His at positions 7 and 42 were prepared by point
mutations to this DNA sequence. The HP7 protein and its two variants
were overexpressed using pet32 plasmid containing a thioredoxin (Trx)
tag with a TEV cleavage site in E. coli bl21(DE3) by standard procedures.
The Hisq-Trx-HP7 fusion protein was purified from the water-soluble
protein fraction of the cell lysate on a HisTrap column (GE Healthcare),
digested overnight at room temperature with TEV (TEV:protein ratio
1:30, 25 mM Tris/HCI pH 7.5, 0.5 mM EDTA, 1 mM DTT, 0.01%
Triton) to release the 7 kDa HP7 from the 18 kDa Hiss-Trx. Pure HP7
was isolated from the mixture by passing through the HisTrap
column, dialyzed against HEPES buffer (50 mM HEPES + 1 M
NaCl buffer, pH 8.0), concentrated (Vivaspin concentrators, cutoff
S kDa), and stored at —20 °C. All of the chromatographic steps were
carried out at 4 °C; the elution was monitored online for absorbance
at 280 nm. The purity of the protein was verified by gel electrophoresis
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Scheme 1. Reaction Scheme of 13>-OH-Zn-BChlide-a
Synthesis”

1. CdCl,

“#BChl-a (1) was isolated from Rhodobacter sphaeroides and hydroxylated
at position C-13” to yield 13°-OH-BChl-a (2). Hydrolysis of the phytyl
ester and demetalation of the Mg atom yielded 13°-OH-bacteriopheo-
phorbide-a (3), which was metalated with zinc acetate to yield the
desired product, 13*>-OH-Zn-BChlide-a (4) (for a detailed description,
see the pigment preparation section in the Experimental Section).

(Tris-Tricine SDS-PAGE, with ultra low mass marker, Sigma) and
MALDI-TOF mass spectrometry.

UV—Vis—NIR Absorption and CD Spectroscopy. Absorp-
tion and CD spectra were recorded in 1 cm cuvettes on a Jasco
V-7200 spectrophotometer and a Jasco J-815 spectropolarimeter,
respectively. Typically, proteins at concentrations between 5 and 15 uM
in HEPES buffer were titrated with concentrated methanol solutions
of ZnBChlide. Protein and pigment concentrations were determined
spectroscopically. The apoprotein’s extinction coefficient €5, =
22 mM " em ™" was calculated from the amino-acid sequence by using
the public domain software Sednterp** (http://jphilo.mailway.com/
download.htm). ZnBChlide’s stock concentration was determined by a
four- to five-point calibration curve in phosphate buffer pH = 8, based on
the pigment’s peak absorption at 760 nm, using &,¢0 = 39 mM ' cm™ ",
This extinction coefficient was determined by correlating the absorption
spectra of samples in diethylether with the aqueous buffer solutions,
using an extinction coefficient of £, = 63 mM ™! em ™! for ZnBChlide
in diethylether.*

Analysis of Titration Data. Binding isotherms reflecting varia-
tions in absorption spectra were constructed by plotting second
derivative values at the peak positions of the Q , and Q, absorption
bands, and the lowest-energy exciton of Q, versus total ZnBChlide
concentration or ZnBChlide/protein ratio. Similarly, additional iso-
therms were constructed to reflect variations in CD spectra by using
the difference between peak minima and maxima of the split Q ,and Q ,
CD band. In HP7H7F and HP7H42F, the Q,, CD bands were not split;
hence values of peak minimum and maximum, respectively, were
used. All of the isotherms of a given protein were globally fitted to a
binding equilibrium model assuming stepwise binding of ZnBChlide
whereby the concentrations of free ZnBChlide, and the apoprotein,

HP, can be determined, respectively, from the Adair equation:*

if,[ZnBChlide]

=

TZnBChlide - [ZnBChlide]

(1)

=|10-

The B.[ZnBChlide]’
i=0
and the mass balance law:
Tup = [HP](1+ Y B,[ZnBChlide]’) (2)

i=1

where T, pchlide and Typ are the total concentrations of ZnBChlide
and protein, respectively, and n is the total number of binding sites
per protein; 3; = K, K,...K;, where K; is the binding constant for the ith
ZnBChlide given by

B [HP — ZnBChlide;]
" [HP — ZnBChlide; ;][ZnBChlide]

K;

3)

The concentrations of all protein-bound ZnBChlide species are then
determined from eq 3, and the observed signal, S;, at the jth titration
step of each isotherm is

S; = e[ZnBChlide] + Y e;[HP — ZnBChlide,] (4)
i=1

where e; and ¢; are proportionality constants.

The model was implemented in Igor 6.2 software (Wavemetrics Inc.),
and the data were fitted using Igor’s built in global fitting setup having K;
as global fitting parameters, and e and ¢; as local parameters.

Fluorescence Spectroscopy. Fluorescence spectra and lifetime
measurements were recorded on a Fluorlog-3 spectrophotometer
(Horiba) and its time-corrected single-photon-counting (TCSPC)
accessory, respectively. To minimize inner filter effects, a 3 x 3 mm
cuvette was used for the fluorescence spectra measurements, and the
sample’s absorbance did not exceed 0.1. For fluorescence lifetime
measurements, which required more intense fluorescence signals, a
1 cm cuvette was used, and the sample’s absorbance did not exceed
0.2. A 590 nm NanoLED (Horiba) was used for generating excitation
pulses with a full width at half-maximum of 1.1 ns. The emission
monochromator was centered at 790 nm and set to the maximum
bandwidth of 16 nm. Each decay curve consisted of 3000 photon counts
and was analyzed using Horiba’s DataStation v2.4 software.

Femtosecond Transient Absorption Spectroscopy. The
optical system for measuring transient absorption spectra at femtose-
conds to nanoseconds range was described elsewhere.** Samples of
protein-free ZnBChlide and HP7—ZnBChlide complexes in buffer
solution were pumped at their Q , absorption band with 120 fs laser
excitation pulses at 525 or 590 nm. The optical densities of the samples
(in 4 and 2 mm optical path length cuvettes) were kept between 0.2 and
0.5 at the excitation wavelength.

Electron Paramagnetic Resonance (EPR). Q-band pulsed EPR
and Davies ENDOR experiments were performed at T = 10 K on a
Bruker ELEXYS SuperQ FT-EPR system at 34 GHz, equipped with an
Oxford CF935 flow cryostat with an optical window for illumination and
a home-built ENDOR resonator.**® In the Davies ENDOR experi-
ments, the first 77 pulse had a length of 300 ns, corresponding to an
excitation bandwidth of 0.06 mT, and the length of the RF pulse was
18 us. A Hahn echo detection sequence of 80—400— 160 ns was used for
the ENDOR experiment. Samples were excited in situ with an Opotek
OPO laser with 7 mJ/pulse at 590 nm, pumped by a Vibrant Nd:YAG
laser at a 10 Hz repetition rate.
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Figure 1. Titrations of ZnBChlide into 10 #M buffer solutions of HP7 (bottom), HP7H7F (middle), and HP7H42F (top) monitored by absorption
(A), second derivative absorption (B), and CD spectra (C). Absorption and CD signals are per #M protein. Spectra are color-coded according to

ZnBChlide:protein ratio. The vertical lines on the second derivative and
Figure 3.

CD spectra mark the positions used for constructing the binding isotherms in

B RESULTS

ZnBChlide Incorporation into HP7, HP7H7F, and HP7H42F
Proteins. Titration of a 1.1 mM methanolic solution of ZnBChlide
into 10 uM buffer solutions of HP7, HP7H7F, or HP7H42F
resulted in immediate incorporation of ZnBChlide into the protein
as evidenced by the emergence of distinct UV—vis—NIR absorp-
tion spectra (Figure 1A). The Q , and Q , bands peaking at 592
and 773 nm, respectively, were the most apparent markers for
ZnBChlide binding. These were significantly red-shifted from the
respective 569 and 764 nm absorption peaks of ZnBChlide in a
protein-free buffer. The Q , band position is typical of ZnBChlide
coordinated by a single nitrogenous axial ligand,**' suggesting a
role for histidine residues in the binding.

The ZnBChlide binding capacity of HP7 and its variants
appears to be more than one pigment per protein. At ZnBChlide:
protein ratios higher than 1:1, significant changes in the shape of
the Q , absorption band occur, accompanied by the development
of unique CD spectra (Figure 1C). Second derivative absorption
spectra (Figure 1B) reveal that the Q , band is split into two new
bands Q, and Q,*. These features are typical of excitonically
interacting BChls. Representative CD and second derivative
absorption spectra of the various ZnBChlide species observed
during the titrations are presented in Figure 2. Notably, the peak
positions of the new excitonic absorption bands (Table 1), as well
as the lineshapes and intensities of their respective CD bands,
vary significantly for ZnBChlide bound to HP7, HP7H7F, or
HP7H42F. Furthermore, these are clearly distinguished from the

spectra of ZnBChlide self-aggregates (not shown) in which the
Q, absorption band is further red-shifted to 820 nm, and the sign
of its respective CD bands is reversed. Because of the water
solubility of the ZnBChlide, self-aggregates of this type could be
avoided in our measurements. Globally fitting selected binding
isotherms of ZnBChlide titrations to a stepwise binding model
(Figure 3) yielded the binding stoichiometries and dissociation
constants of ZnBChlide to the proteins (Table 1). These reveal
several interesting trends that distinguish ZnBChlide from heme
binding:

e HP7 is capable of binding up to three ZnBChlide pigments
per four-helix bundle, whereas the histidine knockout
variants are capable of binding up to two pigments per
bundle. This is in contrast to heme-binding capacities of two
pigments in HP7 and one in its single histidine variants.

e The dissociation constants of the third ZnBChlide in HP7
and of the second in HP7H7F and HP7H42F are signifi-
cantly higher than the respective dissociation constants of
the first and second ZnBChlide binding to HP7. HP7H7F
has the lowest binding affinity to a second ZnBChlide,
whereas the affinities of HP7 and HP7H42F for a third
and second ZnBChlide, respectively, are very similar.

o The affinity for each of the first two ZnBChlide molecules in
HP7 is higher than the affinity for a single pigment in
HP7H7F and HP7H42F. This suggests a role for histidines
in stabilizing the HP7—ZnBChlide complex, in addition to
the direct ligation of ZnBChlide.
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HP7 was originally designed and shown to bind two heme
cofactors, each of which was ligated by two histidine residues at
positions 7 and 42. Because ZnBChlide is most probably ligated
by only a single histidine, additional binding conformations
become accessible, which increases the binding capacity of
HP7 and its variants. A detailed analysis of the possible binding
conformations is provided in the Discussion.

Steady-State Fluorescence. The fluorescence emission peak
of ZnBChlide in aqueous buffer is at 796 nm, and its Stokes shift
is 526 cm . In HP7-bound ZnBChlide, the emission peak is
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Figure 2. CD (A) and second derivative absorption spectra (B) of
ZnBChlide complexes with HP7, HP7H7F, and HP7H42F in
ZnBChlide:protein mixtures of 1:2, 2:1, and 3:1 molar ratios. All
proteins bind a single ZnBChlide per four-helix bundle, and ZnBChlide
dimers at molar ratios of 1:2 and 2:1, respectively. HP7 is the only
protein capable of binding a third ZnBChlide at a molar ratio of 3:1. The
second derivative absorption spectrum of unbound ZnBChlide is shown
in the bottom panel (dotted line). The emergence of unbound
ZnBChlide in the ZnBChlide:protein mixtures is clearly observed by
its unique Q, band at 570 nm. For easier comparison of spectral band
positions, vertical lines are drawn at 597, 609, 760, 773, and 805 nm on
the CD spectra and 570, 593, 766, and 810 nm on the second derivative
absorption spectra.

blue-shifted to 793 nm, and the Stokes shift is dramatically
reduced to 309 cm™ ' (Table 1). This value is typical of BChl in
polar organic solvents such as methanol*’” and thus indicates
incorporation of ZnBChlide into the hydrophobic core of the
four-helix bundle. In HP7H7F and HP7H42F, the Stokes shift
decreases to 182 and 215 cm ™, respectively. These changes are
consistent with the expected decrease in the polarity of the four-
helix bundle core upon replacing a polar histidine residue by a
nonpolar phenylalanine.

Fluorescence Yield and Lifetime. The effects of mutual
interactions between two protein-bound ZnBChlide pigments
were tested by titrating 340 M methanolic solution of ZnBChlide
into S uM buffer solutions of HP7 (Figure 4). Emission was
monitored with two excitation wavelengths, 570 and 596 nm, to
selectively excite free and bound ZnBChlide, respectively.
Clearly, substantial quenching of the fluorescence intensity was
observed at ZnBChlide:HP7 molar ratios from 1:1 to 2:1. For
excitation at 596 nm, ZnBChlide emission reached a minimum at
the 2:1 molar ratio and leveled off at higher molar ratios. In
contrast, the emission intensity for excitation at 570 nm began
rising again at molar ratios higher than 2:1. Similar titrations of
HP7H7F and HP7HA42F revealed no indication of quenching;
the emission intensity leveled off at ZnBChlide:protein ratios
over 1:1 when samples were excited at 596 nm but kept
increasing when samples were excited at 570 nm. These trends
are consistent with binding two ZnBChlide molecules per HP7,
and only one per HP7H7F and HP7H42F, which is reasonable
considering the dissociation constants of the third ZnBChlide in
HP7 and the second one in HP7H7F and HP7H42F (Table 1)
are higher than the protein concentration in the measured
samples. Indeed, the excitation spectra of ZnBChllide in all three
proteins reflect the absorption features of bound pigments at
molar ratios of 1:1, free pigments at 3:1, and intermediate
features at 2:1 (Figure 4B). Notably, the overall intensity of
ZnBChlide in HP7 is much lower as compared to the other two
variants at higher than equimolar ratios as a result of the self-
quenching in bound ZnBChlide pigments.

To further explore the influence of pigment—pigment inter-
actions on their singlet-excited states, we repeated the titrations
above while monitoring the fluorescence decay by time-corre-
lated single-photon-counting (TCSPC). As controls, we per-
formed the same measurements for ZnBChlide in methanol and
in aqueous buffer. These were found to decay monoexponentially
with lifetimes of 2.2 and 1.2 ns, respectively. Under conditions
where HP7 is expected to bind a single ZnBChlide per four-helix
bundle, fluorescence decay curves were similar to ZnBChlide in
methanol but were best fitted with two exponentials: the primary

Table 1. Spectral and Binding Properties of ZnBChlide and Its Complexes with HP7, HP7H7F, and HP7H42F

absorption peaks (nm)

CD min, max, zero (nm) emission

protein:ZnBChlide Kg (uM) Q. Q, Q. ©OF peak (nm) Stokes shift (cm ™)
unbound 0:1 569 764 796 526
HP7 1:1 0.0050 =+ 0.0001 592 774 793 309
1:2 0.080 £ 0.001 594 766,807 614,591, 600 763, 805,776
1:3 85402 594 764,809 611,—,— 758,803,781
HP7H7F 1:1 19403 593 773 784 182
12 2249 594 770,800 601, —,— 753,806,773
HP7H42F 1:1 1.24 + 0.04 594 773 78S 218
1:2 7.7+0.5 594 767,794 —,597, — 758,794,772
9530 dx.doi.org/10.1021/ja202054m |J. Am. Chem. Soc. 2011, 133, 9526-9535
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Figure 3. ZnBChlide binding isotherms of HP7 (bottom), HP7H7F
(middle), and HP7H42F (top). Curves were constructed to reflect
variations in peak absorption (left axis) and CD (right axis) of the
monomeric and excitonically split Q , and Q ,, bands. The wavelength
positions are marked in Figure 1. Q,* is the position of the lowest-
energy exciton of the Q, absorption bands; Q ,,~ and Q. " and Q, and
ClyJr are the peak minima and maxima positions of the split Q , and Q ,
CD bands, respectively. Because the Q , CD bands of HP7H7F and
HP7H42F were not split, only the peak minima and maxima were
considered, respectively.

component with a lifetime of 2.2 ns, and a minor component
(<20%) with a longer lifetime on the order of 10 ns. The latter
may be attributed to contamination of Chl species that typ-
ically decay with lifetimes on the order of 6 ns*® and instrumental
artifacts. The similar lifetimes of protein-bound and unbound
ZnBChlide complicate the fluorescence decay analysis of
ZnBChlide:protein mixtures from titrations of HP7, HP7H7F,
and HP7H42F. To better resolve the relative contributions of free
and bound ZnBClhlide to the overall fluorescence decay, curves
from all ZnBChlide:protein mixtures were fitted using a three-
exponentials decay model, having one of the time constants fixed
at 1.2 ns. All of the curves fitted well to variable linear combinations
of the fixed time constant decay, an additional decay with typical
lifetimes of 2.2 ns, and a minor component with a longer lifetime
on the order of 10 ns. The variations in relative amplitudes as a
function of pigment:protein ratio (Figure S) were in perfect
agreement with the trends observed in the steady-state fluores-
cence measurements, reflecting the equilibrium between protein-
bound and unbound ZnBChlide. Importantly, there is no indica-
tion for an additional component in HP7 complexes containing
more than one ZnBChlide per protein. Given that the dead time of
our TCSPC setup is 0.55 ns, this suggests that fluorescence
quenching is due to a rapid relaxation channel for the excited
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Figure 4. (A) Titrations of ZnBChlide into S uM buffer solutions of
HP7, HP7H7F, and HP7H42F monitored by emission intensity at
790 nm upon excitation at 590 and 570 nm. (B) Fluorescence excitation
spectra at selected ZnBChlide:protein molar ratios.
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Figure 5. Exponential decay time constants (A) and their respective
relative amplitudes (B) obtained from fitting fluorescence decay curves
from titrations of ZnBChlide into 5 M solutions of HP7, HP7H7F, and
HP7H42F. All experimental curves were fitted with three-exponential
decay curves such that one time constant, ,, was fixed at 1.2 ns, and two
constants, t, and t;, were variable. The vertical error bars mark the
uncertainties in fit parameters.

state leading to lifetimes that are too short to be detected by our
fluorescence lifetime setup.

Transient Absorption Spectroscopy. To investigate the
dynamics of the rapid relaxation processes with subpicoseconds
resolution, we recorded the transient absorption spectra of
ZnBChlide:HP7 at 1:1 and 2:1 molar ratios in HEPES buffer.
Component analysis of both samples resolved three decay-
associated spectra (DAS) with typical lifetimes of 12 and 120
ps, and 2.7 ns (Figure 6A). All of the spectra shared similar
features, particularly, a bleach of the Q, absorption band at
760 nm and a broad excited-state absorption band with two peaks
at 635 and 675 nm corresponding to Q,—B, and Q,—B,
transitions, respectively. The contribution of each component
to the decay kinetics differed significantly in the two samples:
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Figure 6. Component analysis of the transient absorption spectra of 1:1
and 2:1 ZnBChlide:HP7 complexes resolved three decay-associated
spectra (DAS) with typical lifetimes of 12 and 120 ps and 2.7 ns;
the shortest lifetime is predominant in the 2:1 complex (A, top), while
the longest lifetime is predominant in the 1:1 complex (A, bottom). The
recovery of bleached Q, (760 nm) and the decay of excited-state
absorbance (680 nm) were greatly accelerated in the 2:1 complex (B).
The dynamics of the decay of excited-state absorbance at 680 nm was
independent of laser power (C). The same trend was observed for the
recovery of bleached Q , (not shown).

while in the 1:1 ZnBChlide:HP7 sample the longest lifetime was
predominant, the shortest lifetime predominated the 2:1
ZnBChlide:HP7 sample. Altogether, a dramatic acceleration of
the relaxation kinetics in the 2:1 ZnBChlide:HP7 sample was
revealed by comparing the recovery of bleached Q, and the
decay of excited-state absorbance (Figure 6B). The kinetics did
not depend on laser power (Figure 6C), ruling out relaxation by
singlet—singlet exciton annihilation processes. Apparently, the
excitonic interactions between the HP7-bound couple of
ZnBChlide molecules are the cause for the dramatic shortening
of the singlet excited-state lifetime to 12 ps, about 200-fold
shorter than the lifetime of a single HP7-bound pigment.

Triplet-State EPR and ENDOR Spectroscopy. The triplet-
state EPR spectra of ZnBChlide complexes of HP7, HP7H7F,
and HP7HA42F at 1:1 molar ratios, as well as the 2:1 ZnBChlide:
HP7 complex, were typical of a BChI triplet,*’ and essentially
identical (Figure 7A), confirming that no excitonic delocalization
of the triplet excited state occurs, which would essentially halve
the width of the spectrum. The observation of an EPR signal
per se also indicates that no excitation hopping takes place on
time scales of or faster than the EPR experiment (faster than
nanoseconds time scale). The slightly smaller D value of the 2:1
ZnBChlide:HP7 complex may be a consequence of increased
order and stability due to occupying both HP7 binding sites with
ZnBChlide.

To explore the differences between ZnBChlide:protein com-
plexes in more detail, we used triplet-state ENDOR spectrosco-
py. Representative spectra recorded at three magnetic field
settings are shown in Figure 7B—D. Two signals with large, posi-
tive and essentially isotropic couplings, 10.3 and 6.5 MHz, stem
from the methyl protons at positions 2" and 12" (Scheme 1) '.*>*°
In the ENDOR spectra recorded at positions C and D, a signal
with a negative coupling constant (—2.4 MHz) can clearly be
discerned. This signal likely stems from one of the methine
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C
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Figure 7. (A) Q-band ESE detected EPR spectra of ZnBChlide:
HP7H42F, ZnBChlide:HP7H7F, and ZnBChlide:HP7 1:1 complexes,
as well as ZnBChlide:HP7 2:1 complex recorded at 10 K. The zero field
splitting parameter D amounts to 0.0222 cm™ ' The E parameter is
essentially 0. (B-D) Davies ENDOR spectra for these four systems are
shown for magnetic field settings B, C, and D. The ENDOR spectra
allowed for identification of up to three signals, two with positive
hyperfine coupling constants at 6.5 and 10.3 MHz and one with a
negative coupling constant of —2.4 MHz.

protons at positions 5, 10, or 20 (Scheme 1).*°° Yet, even at the
level of ENDOR spectroscopy, virtually no differences are
observed between the different complexes. This indicates that
the local protein environment of ZnBChlides at both binding
sites is very similar, and incorporating ZnBChlide into one
binding site has no effect on the environment at the other
binding site.

H DISCUSSION

HP?7 is the best structurally and functionallg characterized de
novo designed heme-binding protein."”'”'® Critical to the
success of this design, the result of more than a decade of
iterative design and testing efforts," 1> is restricting the relative
orientation of the four helices to a unique topology. This was
achieved by a special loop arrangement that links the four helices
in a monomeric “candelabra” fold (Scheme 2, 1). In this arrange-
ment, bis-histidine heme ligation between two parallel helix—
loop—helix domains improves the stability of the syn conforma-
tion. The strong heme preference of bis-histidine ligation implies
that HP7 is capable of binding up to two hemes per four-helix
bundle. Replacing one histidine residue at position 7 or 42 with
phenylalanine eliminates one heme-binding site. In contrast,
ZnBChl derivatives almost exclusively prefer axial ligation by a
single histidine.>**¢ Thus, an alternative binding conformation
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Scheme 2. Possible Conformations for Heme and
ZnBChlide Binding in HP7*

—GEIWKQ (H7) EDALQKFEEALNQFEDLKQL =
HP7 GGSGCGS5GG
=—EIWKQ (H42) EDALQKFEEALNQFEDLKQL->

anti-parallel

“ Arrows mark single helix domains, pointing from the N to the C
termini; S—S marks the disulfide bond between the cysteine residues of
each polypeptide chain. The position of the cysteine residue is marked in
bold on the helix—loop—helix sequence, and as a circle on the arrows
diagram. The histidines at positions 7 and 42 are marked in bold on the
helix—loop —helix sequence, and as pentagons on the arrows diagrams.
The parallel conformation (1) is the only one possible for binding bis-
histidine ligated heme; it is limited to only two heme-binding sites.
ZnBChlide binding, which requires only one histidine ligand per
pigment, is possible both in the parallel and in the anti-parallel (2)
conformations, but in the latter, four histidines are available for
ZnBChlide binding.

for ZnBChlide between antiparallel helix—loop—helix domains
should be considered (Scheme 2, 2). In this conformation, up to
four histidines are available for ZnBChlide binding in HP7, and
up to two in HP7H7F and HP7HA42F. It is reasonable to assume
that the GGSGCGSGG loop is flexible enough to allow rotation
of the individual helices such that they form similar four-helix
bundle cores in both the parallel and the antiparallel conforma-
tions. Our observations of specific binding by histidine ligation of
a third ZnBChlide in HP7 and a second one in HP7H7F and
HP7HA42F are an indication for the presence of the antiparallel
conformation. The lower affinity of these binding modes may
suggest that the antiparallel conformation is unfavorable; how-
ever, pigment—pigment interactions due to steric crowding may
also contribute to destabilizing these conformations. Although it
is reasonable to assume, according to previous structural infor-
mation of HP-type proteins,">'® that the parallel conformation
prevails, more information is required to verify this assumption in
the case of ZnBChlide binding.

BChl derivatives are excellent spectroscopic reporters of local
molecular environment particularly due to their strongly absorb-
ing and highly resolved Q, and Q, transitions. Protein—pigment
and pigment—pigment interactions within the ZnBChlide com-
plexes of HP7, HP7H7F, and HP7H42F result in distinctive CD
and absorption spectra (Figure 2). These provide valuable
information about the pigment organization within the protein
core. In principle, this information should enable quantitative
derivation of the relative orientations of bound ZnBChlide

pigments;>>>> yet, this requires a more rigorous analysis and
additional measurements. Here, we derive a more qualitative
picture from the trends in CD and absorbance spectra. The red
shifts of the Q , and Q , absorption bands, a known indication of
histidine ligation,zo_22 are the most obvious markers of binding
ZnBChlide to the protein. These are essentially the same for all
HP?7 variants. Conversely, the CD and absorption spectra of
interacting ZnBChlide molecules vary significantly in band
position and lineshapes between HP7, HP7H7F, and HP7H42F.
The variations in symmetry of the Q ,, and Q,, CD bands of 2:1
ZnBChlide:HP7H7F and ZnBChlide:HP7H42F complexes are
the most conspicuous and very informative (Figure 2A). The
former is highly nonconservative, whereas the latter is more
intense and conservative. Koolhaas et al.>> have shown that in
excitonically interacting BChl dimers, resonant coupling be-
tween two Q. or two Q, transitions leads to symmetric
(conservative) CD bands around the respective transition en-
ergies, whereas nonresonant cross-coupling between these tran-
sitions results in asymmetric (nonconservative) CD. The overall
CD spectra are, to a first approximation, linear combinations of
the resonant and nonresonant coupling terms. The contribution
of resonant coupling is usually predominant, but when the
transition dipoles of the pigments lie on the same plane or at
very small angles, nonresonant coupling becomes significant,
increasing the nonconservative features of the CD spectrum.

The CD spectra suggest that the ZnBChlide macrocycles lie
on the same plane in HP7H7F, but not in HP7H42F. This is
reasonable considering the positions of binding histidines in each
protein variant (Scheme 2) and that pigments are incorporated
within the four-helix bundle core. The binding histidines in
HP7H42F are at position 7, close to the N-terminal of each
helix—loop—helix chain, whereas in HP7H7F these histidines
are at position 42, close to the connecting loop in the middle of
each chain. Consequently, the ZnBChlide pigments bound to
HP7H42F are located in a region of the protein with more
conformational flexibility than the ZnBChlide binding region of
HP7H7E. The CD spectrum of 2:1 ZnBChlide:HP7 resembles
but is not identical to the respective HP7H42F spectrum.
Notably, the incorporation of the third ZnBChlide molecule
changes the symmetry of the spectrum further by inverting the
sign of the Q , CD band. Given the spectral complexity and the
number of possible binding conformations for 2:1 and 3:1
ZnBChlide:HP7 complexes, more rigorous analyses and simula-
tions of the CD and absorption spectra are required to determine
the actual conformation and relative orientations of the
ZnBChlide molecules.

The formation of a ZnBChlide dimer within HP7 has a dra-
matic effect on the system’s excited-state dynamics. The dimer’s
fluorescence is extremely quenched, and its quantum yield is
reduced by about 80% as compared to the monomer. Time-
resolved absorption spectroscopy reveals a reduction by 2 orders
of magnitudes in singlet excited-state lifetime: from more than 2
ns in the monomeric species to 12 ps in the dimer. The indepen-
dence of excited-state relaxation on light intensity and the
static nature of the observed quenching process strongly
suggest that the reduction of excited-state lifetime and fluor-
escence yield is the result of intramolecular interactions within
the HP7-bound ZnBChlide dimer. In addition, the identical EPR
and ENDOR spectra of dimeric and monomeric ZnBChlide
species suggest that intersystem crossing predominates triplet
formation and rules out any radical pair intermediate.>* Thus, the
rapid nonradiative relaxation of photoexcited ZnBChlide is most
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likely due to excitonic interactions. Notably, the 100-fold reduc-
tion in excited-state lifetime is expected to quench 99% of the
fluorescence signal. The observed 80% quenching and the multi-
exponential character of the time-resolved absorption signals are
suggestive of several relaxation processes. This is probably due to
the presence of a small population of HP7 proteins binding only a
single ZnBChlide and/or conformational heterogeneity in the
HP7-bound ZnBChlide dimer population.

The static and dynamic spectral properties of the HP7- bound
ZnBChlide dimer match the description of the “statistical pair”
that was introduced many years ago by Beddard and Porter®>*°
in their explanation of concentration quenching in dense solu-
tions of Chls in polar solvents and lipid membranes. By defini-
tion, statistical pairs are the fraction of molecules in a statistical
equilibrium distribution that are separated by less than a critical
distance. Interactions between these molecules are most likely
to provide rapid nonradiative relaxation channels for excited
states, and thereby effective trapping of excitation energy that
migrates through the system by resonance energy transfer. It was
proposed, on the basis of these assumptions, that the role of
proteins in LHCs is to avoid energy dissipation by keeping
(B)Chl—(B)Chl separation longer than the critical distance that
was estimated to be 1.0 nm in Chl solutions.>*® However,
although analysis of recently available structures of natural
(B)Chl proteins indicates that the mean (B)Chl—(B)Chl se-
paration is indeed around 1.0 nm,'»""” the general picture is
more divergent and comphcated The most notable exception are
the chlorosomes,*® which contain only densely packed and
highly ordered stacks of Chls, with no proteins at all, and yet
are perfectly functional light harvesting systems. Clearly, pig-
ment separation is not the only factor affecting the formation of
quenching centers in natural LHCs. Unfortunately, very little is
known about the mechanisms of excitation energy dissipation in
(B)Chl—(B)Chl pairs, although it is widely accepted that
relaxation involves a low-lying charge transfer state.’”” The
key to functionality is probably controlling the energy levels of
charge transfer states with respect to the excitonic states, which
depends critically on the environment of the exciton-coupled
pairs, their relative orientations, and interactions with the protein
surroundings.’

In this context, the HP7 protein and its variants are extremely
valuable model systems, being the first examples of a simple
protein environment that can isolate a self-quenching pair of
photosynthetic pigments in pure form. Unlike its complicated
natural analogs, this system can be constructed from the ground
up, starting with the simplest functional element, increasing
the complexity as needed. Advances in computational protein
design and our recent progress in understanding the unique
factors that control plgment blndmg and organization in natural
(B)Chl—protein complexes™ provide us with the necessary tools
for systematic variations of pigment orientations and protein
environment. Furthermore, as we have demonstrated the ex-
cellent reporting properties of ZnBChlide absorption, CD, and
fluorescence spectra provide immediate information about pig-
ment assembly and organization within the protein, and their
effect on excited-state dynamics. Constructing and characterizing
such systems aimed at controlling the excited-state lifetime of
(B)Chl pairs by manipulating (B) Chl— (B) Chl and protein— (B)Chl
interactions is expected to teach us important lessons on the
design principles of natural light energy harvesting systems.
Particularly, such a system may be used to test whether a protein
conformational change can act as a rapid switch between light

harvesting and energy dissipation modes by turning on and oﬁ
specific quenching centers between nearby pairs of (B)Chls>®
or (B)Chls and carotenoid.®”®" Such a mechanism was sug-
gested to be involved in the natural photoprotectlon process
called “non-photochemical quenching” (NPQ),** but the lack of
direct evidence for a conformatlonal change in vivo®*** makes it
highly controversial.®> More generally, systematic studies of
simple, controllable, and traceable protein—pigment systems
may explain how slight variations in relative orientations and in
the local environment can switch pairs of the same photosyn-
thetic pigments from efficient light emitters to energy dissipaters
in LHC or highly efficient photosensitizers of charge separation
in RCs.
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