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ABSTRACT. We demonstrate coordination of the extremely hydrophobfeQf3-Ni-bacteriochlorophyll
(Ni-BChl) to the lipophilic domain of a novel, designed amphiphilic protein maquette (AP3) dispersed in
detergent micelles [Discher et al. (200Bjochemistry 4412329-12343]. Sedimentation velocity and
equilibrium experiments and steady-state absorption spectra indicate that Ni-BEBlis a four-helix

bundle containing one Ni-BChl axially ligated by one or two histidines. The nature of the ligation was
pursued with ultrafast visible spectroscopy. While it is well established that light excitation of axially
ligated mono- and bisimidazole Ni-BChl in solution leads to rapid imidazole dissociation and nanosecond
recombination, there is no evidence of axial ligand dissociation in the light-excited Ni-BXH8. This
indicates that Ni-BChl is confined within the AP3 protein, ligated to histidines with severely restricted
mobility. Dissociation constants show that Ni-BChl binding to AP3 is considerably weaker than the
nanomolar range usual for heme and hydrophilic (HP) maquettes; moreover, there is a tendency for the
Ni-BChl—AP3 four-helix bundles to dimerize into eight-helix bundles. Nevertheless, the preparation of
the Ni-BChAP3 four-a-helix maquettes, supported by time-resolved spectroscopic analysis of the nature
of the ligation, provides a viable new approach to AP maquette designs that address the challenges involved
in binding extremely hydrophobic cofactors.

The protein maquette concept was introduced about 10challenging and has often resorted to covalent coupling via
years ago with the de novo design of a faufelix bundle specific natural or nonnatural residues that effectively
protein that ligated heme4)( Maquettes intend to provide incorporate the desired organic cofactors as a side chjn (
the simplest protein scaffold in which to test and examine 16). This is because of the great difficulties in achieving the
the assembly and function of catalytic elements that, in native fine balance of hydrophobic and polar interactions between
enzymes, are often obscured by complexity. In many cases peptides, cofactors, and solvent with organic cofactors
metal ions and clusters and organic and organometalicunconstrained by any covalent link to the peptide backbone
molecules are critical parts of such catalytic elements, and (17, 18). Most importantly, incorporating very hydrophobic
usually they are associated within the protein through cofactors into a water-soluble maquette is severely limited
noncovalent interactions such as coordinative and hydrogenby the tendency of these cofactors to self-aggregate in polar
bonds and/or van der Waals interactions. Understanding thesolvents.
details of these protemcofactor interactions is essential for The preceding paperl@) introduced a new type of

developing custom-designed catalysts that will match and amphiphilic (AP} maquette designed according to the
expand upon the selectivity, activity, and efficiency of natural general architecture of natural membrane protets 21).
enzymes. AP maquettes are based on a construct of hydrophilic (HP)
Most of cofactor binding maquette designs that followed and lipophilic (LP) domains and require hydrophobic envi-
the early prototypes made principal use of metal center or ronments such as lipid bilayers or detergent micelles in which
heme derivative coordination to the protef(14). Binding to assemble. This work followed effects of the new nonpolar
other organic cofactors to maquettes has proven moreenvironment on heme binding properties of a HP domain of
an AP magquette and its implications on heme-associated
G'\:IIQE gutht()jrSNaS%kngwle?gsMEHO?%iggoséur;pog Ergm |\’]l|||:| grantt functional elements with respect to the polar environment
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attention to the challenges faced, particularly the case of thein the preceding papef9). Ni-BChl was prepared by trans
BChl derivatives, in devising strategies to assemble very metalation of native BChl following Hartwich et al3%).
hydrophobic cofactors within hydrophobic LP domains and, The ratio between the #®H-Ni-BChl and the 130H'-
once assembled, determine the nature of the association. Ni-BChl epimer was not determined, and although this ratio
BChls are extremely hydrophobic and have not been might affect the self-aggregation tendency of Ni-BChl as well
incorporated into the hydrophobic interior of previous HP as specific interactions with AP3, it appears secondary to
maquettes because of their very high tendency to self- the strong hydrophobic interactions that drive Ni-BChl self-
aggregate in water. The only other chlorophyll (Chl) and aggregation. Currently, it is hard to estimate the contribution
BChl derivatives successfully incorporated into HP maquettes of specific Ni-BChAP3 interactions in the absence of
either had their phytyl chain removed, which significantly structural information at the molecular level. All aqueous
increased their solubility in wate2®), or were covalently  solutions were buffered with 20 mM sodium phosphate at
bound (5). Other examples of Chl/BChl binding to synthetic pH 8.0 and contained 100 mM sodium chloride.
polypeptides include a short randomly coiled polypeptide The preparation of a stable concentrated sample of Ni-
based on a Chl binding motif from the plant light-harvesting BChl—AP3 has proven to be a significant challenge mostly
complex @3, 24) and the self-assembly of BChls with because of the low solubility and high self-aggregation
truncated and modified proteins from purple bacterial light- tendency of Ni-BChl, even in detergent solutions. High
harvesting complexe=22§). In all of these cases cofactors detergent concentrations are required in order to prevent such
were not incorporated into a binding pocket in the protein self-aggregation, but this lowers the affinity of Ni-BChl for
but rather interacted with several key protein residues andAP3 and hence in turn demands higher concentrations of
remain exposed to solvent and other cofactors. In fact, BChl AP3 in order to obtain significant binding. We tested two
protein assembly in the latter case is driven by pigment self- different detergents, Zwittergent 3-12 (zwt3X2dodecyl-
aggregation. Kashiwada et al. reported on BChl binding to N,N-dimethyl-3-ammonio-1-propanesulfonate) and g6tglu-
a polypeptide based on a sequence variant of the HP hemeopyranoside (OG). A solution of 1% (w/v, about 100-fold
binding maquette in detergent solutio?6). However, the above the critical micelle concentration) zwt312 completely
CD and absorption spectra of BChls are indicative of solubilized AP3, but we noticed significant aggregation of
aggregates, and there is no indication that the peptide retaindNi-BChl, whereas increasing the zwt312 concentration to 4%
the four-helix bundle fold as designed. completely solubilized Ni-BChl but prevented association
The intention of this work is to begin to address the unique with AP3. Finally, 2% zwt312 solution provided a good
challenges of noncovalently binding extremely hydrophobic balance between the opposing requirements for Ni-BChl
cofactors to de novo designed proteins. For this purpose, asolubility and AP3 affinity. Nevertheless, the assembly of
Ni-substituted BChl (Ni-BChl) derivative is especially useful the Ni-BCh~AP3 complex required AP3 concentrations in
because its rich absorption spectra are well correlated withthe order of 0.1 mM. Additionally, we found that heating
the type and number of axial ligands, which makes it an Ni-BChl/zwt312 samples breaks down some of the ag-
excellent reporter for the local coordination and solvation gregates as indicated by narrowing of the Ni-BChlapd
environment 27, 28). We show that Ni-BChl is axially = Q, bands and a blue shift of~5 nm in the Q band (not
coordinated within the LP domain of the AP3 maquette, most shown). However, while cooling the sample back to room
probably by one or two histidine (His) residues, and take temperature, reaggregation occurs quite slowly over several
advantage of the distinctive excited state dynamics of Ni- hours. Similar results were obtained with OG, yet zwt312
BChl derivatives 29—34), especially the well-documented was chosen for further experiments because, in contrast to
axial ligand photodissociatior, 31, 33), to examine the  OG, its partial specific volume could be matched by ®D
physical nature of the axial ligation. Thus, if Ni-BChl is  H,O mixture for sedimentation studies (see below). Thus,
ligated by residues that are confined within the AP3 protein to prepare the Ni-BChtAP3 maquette, Ni-BChl was first
structure, we expect the dynamics as seen by the time-dissolved in a minimal volume (510 uL) of DMF (Fisher,
resolved absorption spectra of Ni-BECHAP3 to be signifi- Fairlawn, NJ) and added to 16% (w/v) zwt312 (Calbiochem,
cantly different from those observed in solvents or detergent San Diego, CA) solution. Then, the sample was diluted 8-fold
micelles. Indeed, we show that in contrast to Ni-BEhh and heated to 5%C to dissociate pigment aggregates. After
in micelles there is no indication of axial ligand photodis- being cooled to room temperature, the sample was added to
sociation in AP3-bound Ni-BChl. The unique spectroscopic a solution of AP3 in 2% (w/v) zwt312. Similarly, Ni-BChl
and coordinative properties of Ni-BChl provide a variety of Im was prepared by adding solid Im (Sigma, St. Louis, MO)
useful probes for the local protein environment which can into the Ni-BChl zwt312 solution. All spectroscopic mea-
be monitored by a variety of multiwavelength spectroscopic surements were carried out at room temperature.
measurements and provide useful information about the Analytical UltracentrifugationSedimentation equilibrium
molecular charcteristics of this new cofactonaquette and sedimentation velocity measurements were carried out
assembly. Our success with an extremely hydrophobic using a Beckman XLI analytical ultracentrifuge. All sample
cofactor into maquettes demonstrates the viability of the solutions were density matched with,® (Cambridge
modular design approach for AP maquettes and opens newlsotope Labs) to neutralize zwt312 buoyancy. The density
functional possibilities by incorporating new cofactors previ- match point was determined to be 46.2% by sedimenta-
ously inaccessible to HP maquettes. tion equilibrium of 2% zwt312 at various JD/H,O buffer
mixtures. Ni-BCht-AP3 was prepared for ultracentrifugation
MATERIALS AND METHODS by mixing 140uL of 1 mM AP3 solution in 2% zwt312
Peptide and Pigment Synthesis and Sample Preparation.H,O buffer with D,O and HO buffers to reach 2% zwt312
The amphiphilic maquette, AP3, was prepared as describedin 46.2% D,O. The final sample contained 3201 AP3 and
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35uM Ni-BChl. Samples were loaded into a standard two- concentrations of protein and cofactor, respectively; gnd

channel analytical ultracentrifuge cell and spun at 50000 rpm y;, andy. are dimensionless factors given by

for 72 h at 25°C. During this time, the radial absorbance

profiles were recorded at 540 and 600 nm. Once sedimenta- __1 beMPwZRT)(r2=1?) (4)

tion equilibrium had been reached, a radial-spectral matrix %= h— mfm

was created by recording absorption spectra from 422 to 800

nm at 17 radial positions along the cell. Then, two additional where b and m are the radial positions of the solution

radial absorbance profiles were recorded at 750 and 790 nmmeniscus and the cell bottom, respectively, Mfds given

These were combined with the latest absorbance profiles atby eq 2a. Equation 4 can be solved analytically by use of

540 and 600 nm and were globally fitted to a sedimentation Dawson'’s integral 39). Here, we useC®*® and C°* as

equilibrium model. parameters when fitting eq 1 to the experimental data.
Sedimentation coefficient§ and molecular weight\{) Time-Resaled Absorption Spectroscopyransient ab-

distributions £(S) andc(M), respectively] were obtained from  sorption spectra were recorded using a femtosecond pump

the global analysis of sedimentation velocity profiles moni- probe absorption spectrometer. Optical pulses (135 fs)

tored at 540 and 600 nm by using the multisigeglS) centered at 775 nm were generated using a Ti:sapphire laser

analysis module in the software Sedphat 338, (37) (CPA-2001; Clark-MXR, Dexter, Ml), which consisted of a

(obtained from http://www.analyticalultracentrifugation.com). regenerative amplifier seeded by a mode-locked fiber oscil-

Sedimentation equilibrium data were analyzed using custom-lator. A fraction of this output was focused in 2 mm

built programs written in Igor 5.0 (Wavemetrics, Lake c-cut sapphire plate to generate a white light continuum that

Oswego, OR). The model used to describe radial absorbancevas used as the probe beam, and the rest was passed through

profiles is similar to that of Schuck et aB§) given by optical parametric amplifiers (near-IR and visible OPAs;
o ., Clark-MXR) to generate pump excitation pulses tunable in
A(r) = 1.2¢,(2)CPeMI2RNIE10) 4 paseline wavelength from the UV through the near-IR region. The
i=pl.c (1) pump beam was passed through a computer-controlled delay
line and was focusedma 2 mmpath length sample cell
whereA(r) is the absorbance at a radial positiotin cm); ~ together with the probe beam. After being passed through

1.2 cm is the optical path length of the ultracentrifuge cell; the sample, the probe light was focused onto the entrance
p, |, and ¢ specify the apoprotein, cofactor, and protein Slit of a computer-controlled image spectrometer (SpectraPro-
cofactor complex, respectively;() (i = p,l,c) are the ~ 150; Acton Research Corp., Acton, MA). A CCD array
respective extinction coefficients (Mcm™2) at a wavelength ~ detector (1::].024(1; 12: elements; Roper Scljen(;'ﬂﬁ, Duluth,

2; Cf (i = p,\,c) are the respective concentratioV) @t an GfAt)h inter SC? rt(t) ft e theCtLrJ(i/me:;‘;B recort etht e spelcF\'Erum
arbitrary radial position, (cm); Riis the ideal gas constant  ©f the probe light from the UV+370 nm) to the near-
(8.315x 107 ergK~L-molY); T is the temperature (K)p is (~1100 nm), providing spectral resolution better than 0.5
the angular velocity of the rotor (radiass!); and Mg and nm. Pairs of consecutive spectra were measured W]l

. : and without [«(4)] optical pumping to determine the
Mlb are the buoyant molecular weights of the protein and _. © _ ;
cofactor, respectively ¢giol3), given by difference spectrumAA = log[low(1)/1on(4)]. All transient

spectra reported represent averages obtained over four to six

b_ = scans with each scan consisting of £3250 points. A more
M= Mui(1 = 7ip) (2a) detailed description of the optical setup can be found in the
supporting information of refl0.

Ni-BChl, Ni-BChl—Im, and Ni-BCh-AP3 were excited
at 550 nm. Ni-BChtIm and Ni-BCh-AP3 were also
excited at 585 and 610 nm in order to selectively excite
mono- and biligated Ni-BChl populations. The resulting
kinetic-spectral matrices were fitted to kinetic models by
(2b) using an iterative pseudo-inverse routine described in more

detail below.

Curve Fitting and Global AnalysisNi-BChl has rich and
informative absorption features over a wide range of the near-
UV, visible, and NIR spectrum. To take full advantage of
these unique features, our experiments were designed to
obtain multiwavelength data. Nonlinear global fitting and
pseudo-inverse methods provide the most efficient and
reliable way to handle this type of data. In global fitting,
multiple data sets are fit simultaneously to functional models
for which some parameters are common to several data sets

wherei is either p or |M,; and; are the molecular weight
(g'mol™) and partial specific volume (mg') of the
species, respectively, apds the solvent’s density ¢giL ™).
The buoyant molecular weight of the proteioofactor
complex,M'j, is given by

M= M+ nM;

wheren is the stoichiometric number of the protein in the
complex (we assume one cofactor peapoproteins in a
complex). The concentrationS’ were calculated by re-
quiring mass conservation for the entire solution column and
the mass action law for complex formation

C2 = (C)"CP/K,

load _
Cp™= Coxp 1 Nl(C)"CUIK el (global) and some are unique for each set (local).(We

oad used the built-in nonlinear global fitting procedures in the
C>=CPy + [(C)"CUK e (3) Igor 5.0 software to simultaneously fit radial absorbance

_ _ o _ curves at four wavelengths. Confidence limits for the
whereKy is the dissociation constant of the complex in terms nonlinear fit parameters were obtained by implementing the
of M" C';ad and C:°ad are the effective total loading linear joint confidence interval method as described by
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Johnson and Faunt?) at a 0.95 confidence level. This dc _

method provides more reliable error estimates for nonlinear at

fits than the standard routines because it does not assume

the confidence regions to be either linear or symmetrical. whereK is the matrix of rate constants. We assume a simple
Pseudo-inverse methods are useful for analyzing multi- kinetic model whereby each excited state decays to the next

wavelength absorption data. When a sample is comprisedexcited state until the final excited state decays to ground

KC (9)

of a mixture of species, according to the Beeambert law, state. The matrix elements &f are therefore given by
its absorption spectrum at each wavelengif)}), is the
weighted sum of species concentrati@,and their respec- Kj=— 1,6(i,)) + 1r0(i+1,) (10)

tive extinction coefficients at each wavelengtfi). If the
sample’s composition changes as a function of an experi-
mental parameterp, then the set of absorption spectra,
A(A,p), is given by

wherer; is the lifetime of theith excited state and(i,)) is
the Kronecker delta function. Additionally, we assume the
initial conditionsC(t=0) = 4(i,1).

A(L,p) = zéi(i)ci(p) (5a) RESULTS

Spectral Features of Ni-BChl, Ni-BChAP3, and Ni-

BChl—Im in zwt312 DetergentFigure 1 compares the
_ absorption spectrum of Ni-BChl in 2% zwt312 solution to

Alr) = BRJICH) (5b) its spectra in the presence of either 0.4 mM APA M Im
in the same solvent. The effects of both protein and Im on
Ni-BChl in the detergent micelle solution are similar to those
of nitrogenous axial ligands in organic solvents. Typically,
the Q band narrows and blue shifts by-105 nm whereas

which may be written as a matrix product

whereA(Airj) is a spectral matrix for which columns and
rows correspond to values of the paramgieand wave-
lengths, respectivelyE(dx) is the extinction coefficient
matrix, andC(p;) is the concentration profile matrix. Using

: - ] the Q band shifts by 4670 nm depending on the number
a functional modeC(p;,¢i) whereg; are a set of parameters, -
it is possible to obtaift*, a least-squares estimate®i43 anq type of axial I|g_and52(7, 28). Here, the Qband peak_
withp q 143 shifts from 538 nm in unbound Ni-BChl to 584 nm in Ni-

BChl with Im to 609 nm in Ni-BChl with AP3, and the ,Q
E*(1) = A(/lk,p-)C+ (6) band peak shifts from 783 nm in unbound Ni-BChl to 772
! nm in Ni-BChl with Im to 768 nm in Ni-BChl with AP3.
whereC+ is the pseudo-inverse @(p;,¢). The maximum These changes are characteristic of Ni-BChl binding one or
likelihood set of fitting parameters may be found by any tWo axial ligands, respectively. Additionally, the intensity
nonlinear least-squares algorithm that minimizd&()- of Ni-BChl—AP3 absorption bands increases significantly
CEL@) — Alrll. compared to Ni-BChl and Ni-BChilm, similar to that
The pseudo-inverse method was applied in analyzing the©0served upon binding heme derivatives to both water-
radial-spectral matrix from the sedimentation equilibrium Seluble maquettes and HP and LP domains of AP maquettes
experiments and the kinetic-spectral matrix from time- (11 19). However, in contrast to heme, a significant amount

resolved absorption measurements. of Ni-BChl remains unligated even at high excess of either
For the radial-spectral matri(J,,r;) we used the matrix Im or AP3 as'indicated by the signifi_cant shoulder a’g 538
form of eq 1 nm observed in the {band of both Ni-BCht-Im and Ni-
BChl—AP3 spectra.
A(yry) = E(/lk)C(rj,Cio,Mib,w,R,n = 1.2, Within several hours, new features indicative of pigment
i=pl.c aggregation appear in the Ni-BCHIm spectra (not shown)

0 )Cpe(Miba)Z/zRT)(rZ—rDZ) @) that include 850 and 620 nm shoulders at thea@d Q
W bands, respectively. In contrast, the spectra of Ni-BChl and

where each column in the matr&(Ly) corresponds to the ~Ni-BChI—AP3 remained unchanged for several days with
absorption spectra(l,) of apo-AP3, free Ni-BChl, and Ni- N0 I_ndlcatlon of either plgmer_1t e}ggregatlon or.de.gradauon,
BChI—AP3 and each row of radial concentration profile =~ Ni-BChI=AP3 Complex Stoichiometry and Binding Char-

matrix C(r;,C>,M°.w,RT) contains their respective concen- acteristics Figure 2 presents a radial-spectral matrix of Ni-
tration gradients BChI-AP3 in density-matched zwt312 once sedimentation

equilibrium has been reached. Evidently, the prominent
COeMPw2RT)(r?~1¢?) spectral features at longer radii are typical of axially ligated
: Ni-BChl whereas the spectral features at short radii are
For the kinetic-spectral matrbD(4t;) we use almost exclusively those of nonligated Ni-BChl. This clearly
indicates that the high molecular weight Ni-BCAP3
D(4ty) = S()C(Y,7) (8) complex contains axially coordinated Ni-BChl and strongly
suggests that Ni-BChl is bound to AP3 via one or two His
where each column in the matri®(4s) corresponds to a  ligands. Conversely, nonligated Ni-BChl is a low molecular
decay-associated difference spectrum (DADS) of an excitedweight species, and thus it is highly unlikely that this species
state and each row of the kinetic profile mat@xcontains is bound to AP3. Nonetheless, the spectra at longer radii
the respective kinetic profile of each state determined by the still feature a significant peak at 540 nm indicative of a low
set of differential equations affinity of Ni-BChl to AP3.
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Ficure 1: Changes in absorption spectra ofid@ Ni-BChl (heavy
line) in 2% zwt312 solution with the additionf & M Im (dotted
line) or in the presence of 0.4 mM AP3 (solid line).
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Ficure 2: Radial-spectral matrix of Ni-BCRIAP3 samples that
have reached sedimentation equilibrium at 50000 rpm.

Figure 3 presents two sedimentation coefficient distribu-
tions, ¢(S), of Ni-BChl—AP3 in density-matched zwt312
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Ficure 3: Sedimentation coefficient distribution(S), plots of Ni-
BChl—AP3 in density-matched zwt312 obtained from global fitting
of sedimentation profiles monitored at 540 nm (solid line) and 600
nm (dotted line). Distributions were calculated assuming the
presence of time-invariant and radial-invariant noise, an unknown
global meniscus position, and optimizing the weight-average
frictional ratios separately for data sets of each wavelength. Inset:
Aggregation number distributiore(n), is plotted for the higher S
region.n is the aggregation number in Ni-BCh{AP3),.

Scheme 1: Modes of AP3 and Ni-BChl Interactions and
Association Equilibrium

[Ni-BChl] [AP3]*

A. 4(AP3) + Ni-BChl 2 Ni-BChi-(AP3),  K,=|Ni-BChI-(AP3),]

; — (N _INi-BChI-(AP3),]
B.2 Ni-BChi-(AP3), Z (Ni-BCh-(AP3).);  Ku="T(Ni-BChI(AP3),),]

mixture of interacting species (Ni-BChl, apo-AP3, and Ni-
BChI—-AP3). Thus, the minor peak is not due to residual
absorbance of the Ni-BChIAP3 at 540 nm but rather to
free Ni-BChl in the reaction boundary.

Thec(S distribution obtained from monitoring sedimenta-
tion at 600 nm exhibits two distinct peaks at 0.39 S (61% of
total area) and 0.65 S (39% of total area) corresponding
molecular masses of 16091 and 34625 Da, respectively.

solution obtained by monitoring the same sedimenting sampleAssuming a single Ni-BChl per apo-AP3 complex, these

at 540 nm, where free Ni-BChl has the predominant
absorbance, and at 600 nm, where Ni-BEAP3 absorbance

peaks correspond to aggregation numbey®f 4.0 and 8.9,
respectively, as shown in thegn) distribution graph (Figure

predominates. As expected, at 540 nm a major peak (88%3 inset). Given the assumptions involved in converting
of total area) is observed at 0.09 S corresponding to asedimentation coefficients to actual molecular mas4ép (
molecular mass of 904 Da and attributed to unbound Ni- and the discrete nature of these peaks, it follows that the

BChl (actual molecular mass of 944 Da). However, an
additional minor peak (12% of total area) at 0.55 S

peaks inc(n) monitored at 600 nm correspond to the Ni-
BChI—-AP3 complex comprised of four AP3 monomers, Ni-

corresponds to a molecular mass of 13665 Da more typical BChl—(AP3), and its dimeric form, (Ni-BCht(AP3)),. On

of a much larger Ni-BCht AP3 complex. This distribution
can be rationalized according to Gilbe@enkins theory44)

by assuming rapid reversible interactions between Ni-BChl,

AP3, and their complex. As recently showB6( 45), the

the basis of the ratio between peak areas, assuming that the
AP3:Ni-BChl stoichiometry is maintained in the dimer and
that contributions to the absorbance at 600 nm are additive,
we obtained a ratio of one (Ni-BCh(AP3),), to three Ni-

sedimentation profile of such a two-component solution gives BChl—(AP3).

rise to a bimodat(S) distribution with a peak appearing at
an Svalue close to that of the slowly sedimenting free
component (Ni-BChl) corresponding to an undisturbed

A model consistent with the sedimentation velocity results
is given in Scheme 1. This model may be used in the analysis
of sedimentation equilibrium profiles to provide a more

boundary and a second peak at a position between thequantitative description of Ni-BChl binding to AP3. How-
Svalues of the slowest and fastest sedimenting speciesever, the analysis of a system of such complexity involving
corresponding to a reaction boundary comprised of a reactionassociation of two components followed by self-assocation
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Ficure 4: Sedimentation equilibrium traces of Ni-BChAP3 at 790, 750, 600, and 540 nm (A) were globally fitted together with the
radial-spectral matrix (Figure 2) assuming association of Ni-BChl with four AP3 helices. The model yielded a sedimentation profile (B) for
apo-AP3 (dashed line), unbound Ni-BChl (dotted line), and Ni-B&X#P3 (solid line). Using this profile and the radial-spectral data, it

was possible to resolve the corresponding spectra of each component (C). These were used with the radial profiles in (B) to reproduce
radial-spectral data and compared to the experimental data. This is presented as an image (D) whereby residual values at each data point
are depicted as bright (positive) or dark (negative) pixels.

of the product is very complicated. To simplify the analysis maquettes that are typically on the order qiNl or lower.
and reduce some degrees of freedom, we recorded sedimen- Time-Resaled Absorbance Spectr&igure 5 shows the

tation equilibrium profiles at four characteristic wave- iansient absorption spectra of Ni-BChl and Ni-BChl with 1
lengths: 540 and 790 nm, where absorbance is primarily \»1 | m excited at 550 and 610 nm respectively, and

from unbound Ni—BQIhI, and 690 "’_‘Fr;j 750hnm, where Ni-BChl—AP3 excited at 550 and 610 nm in 2% zwt312.
absorban_ce IS primarily QUe to N".BC P3. T ES€ Were — ag expected, relaxation of excited Ni-BChl (Figure 5a) is
globally fitted together with the radial-spectral matrix using extremely fast, and the ground state is completely recovered

the equilibrium model in eq 1 and Scheme 1A. For further i 1 g ps. This is typical of Ni-BChl and Ni-porphyrins
simplification we neglect the self-association reaction in . - . . .
n noncoordinating organic solvent3]( 32). Likewise, the

Scheme 18. The best fit to the experimental data, presentecJtransient absorption spectra of Ni-BChl in the presence of 1

in Figure 4, was obtained by usimd,, = 3758 Da andh = . : : -
4in eqs 2a and 2b, respectively, and yieldge= 0.7891+ M Im (Figure 5b) resemble those of Ni-BChl in pyridine, a

0.0007 andw = 0.8890+ 0.0006 ml:g-* for the partial coordinating organic solven8(). Particularly, a long-lived
specific volumes of AP3 and Ni-BChl, respectively, in good transient feature with a positive amplitude at 780 nm and a

agreement with the theoretical valuesigt= 0.7773 andj negative one at 760 nm becomes obvious after about 100 ps
= 0.91. UsingMy,, = 15032 or 7516 Da in eq 2a amg= and persists well beyond 1 ns. These bands correspond to

1 or 2 in eq 2b, respectively, yielded worse fits and the difference between the,@pectral bands of ligated and
unreasonably high values of, >0.8. This supports the nonligated Ni-BChl and are characteristic of axial ligand
stoichiometry in Scheme 1A and implies that Ni-BE®#P3 photodissociation as has been observed for Ni-BChl in
assembles simultaneously from four apo-AP3 monomers andPyridine 31). Similar photodissociation is known to occur
one Ni-BChl. Sedimentation equilibrium experiments of apo- in other axially ligated nickel porphyrins in organic solvents
AP3 under similar conditions (not shown) verified that apo- (33). Interestingly, the confined zwt312 micellar environment
AP3 is not preassembled in four-helical bundles, which is of Ni-BChl does not prohibit the photodissociation of ligand
not surprising given the high detergent concentration. The molecules from Ni-BChl. In contrast, the long-lived photo-
resulting dissociation constalig = 0.001734- 0.00002 mM dissociative feature is missing in the respective transient
implies that significant dissociation may occur even at an spectra of Ni-BCht+AP3 (Figure 5d), yet the short-term
AP3 concentration as high as 2@M. This is much higher spectral features<(100 ps) are very similar to those of Ni-
than dissociation constants of other heme binding protein BChl—Im.
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FicurRe 5: Transient absorption spectra of Ni-BChl in 2% zwt312 excited at 550 nm (a), Ni-BChl in 2% zwt312 cogthiMinm excited
at 610 nm (b), and Ni-BChtAP3 excited at 550 nm (c) and 610 nm (d).

Table 1: Kinetic Components of Ni-BChl, Ni-BChIm, and BChl—Im in zwt312 are very similar to those reported by

Ni-BChl—AP3 Musewald et al. 1) for Ni-BChl in toluene and pyridine,
photo- respectively, with the exception of the earlier excited state
dissoci- lifetimes of Ni-BChl. Our analysis indicates two earlier

Jdex(nm) 741 (fS) 72 (pS) 73(ps)  atior? transients with lifetimes of 69.5 fs and 1.0 ps whereas

Ni-BChl 550 695+ 0.4 1.01+0.01 20.9+ 0.2 Musewald et al.31) report on three transients with lifetimes

Ni-BChl— 550 76+ 1 0.83+0.01 67.6-0.8 + of 0.1, 0.45, and 4 ps, whereby the fastest component is only
Im 2?8 iggi g %-igi 8-83 gg-;‘i 8-2 i detected by fluorescence up-conversion. While these differ-
Ni-BChl— 550 694L 0.5 0.96L 001 16602 — ences may reflect different excited state dyngmlcs in toluene
AP3 585  130% 2 141+ 001 68505 — and zwt312, they may be a result of the different experi-
610 104+2 2.424+0.02 79.9+04 — mental conditions. Particularly, the excitation wavelength
aLong-lived transient> 1 ns) with spectral features characteristic Used by Mueswald et aK’f@ was 780 nm which excites f[he
of axial ligand photodissociation. Q, band whereas we excite thg kand at 550 nm. Resolving

. , . ) this discrepancy requires a more careful study of the early
The transient absorption spectra of both Ni-BChl with Im - o\e 5 of Ni-BChI excitation in both organic solvents and
and Ni-BCh-AP3 following excitation at 585 nm (N0t  yetergent micelles. However, since our primary interest is

shown) are the same as those following excitation at 610 yq aycited dynamics of AP3-bound Ni-BChl which is axially
nm. The first wavelengih sellectlvglly exmtes_ monoligated Ni- ligated by at least one His residue, we chose not to pursue
BChI whereas the 'a“ef excites biligated Ni-BChl. When the the issue any further as it concerns the photophysics of
excitation wavelength is at 550 nm, we expected to excite unbound, nonligated Ni-BChl which is beyond the scope of
mainly nonligated Ni-BChl, but we cannot avoid exciting report. This not withstanding, we adopt the suggested
some monoligated Ni-BChls. Indeed, the transient sPeCtraassignment of excited states of Musewald et &l (to

of both Ni-BChi=AP3 (Figure 5c) and Ni-BChl with Im 5, \¢irate the relaxation processes of photoexcited ligated and

Exgr']ted at 553] nrtn are ccin3|stetnt V‘(’j'tg ou: ex;r)lgbq:atlons. In nonligated Ni-BChl with proper reservations concerning the
oth cases, the transient spectra did not exnibit any NeWq, jiaqt transient states of the latter.

spectral features but rather a mixture of the typical features ] ) ) .
of ligated and nonligated Ni-BChl transient spectra. The DADS of Ni-BChl in zwt312 (Figure 6) exhibit
The DADS and their associated lifetimes provide more transient spectra |_nd|cat|v_e ofablue_shlftln th)et(an_smon. _
detailed information about the transient states and relaxation ' Nése are associated with an excited state having a high-

processes of photoexcited Ni-BChl in detergent micelles and SPin Ni that relaxes to the low-spin Ni ground state.
within the AP3 maquette. Table 1 summarizes the relaxation The DADS and lifetimes of Ni-BChl in 2% zwt312 with
lifetimes obtained from sets of transient absorption spectra.1 M Im following excitation at 610 nm (Figure 7) are in
The resulting excited state lifetimes of Ni-BChl and Ni- very good agreement with those of Ni-BChl in pure pyridine
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State assignments and bracket notations are according to Musewalc

et al. 1) whereby the first term in the bracket is the macrocycle

state (0, S, and T for ground, singlet, and triplet excited states,
respectively), the second term is the Ni atom staté) [4nd (d,d)

for low- and high-spin Ni, respectively], and the superscript numbers
to the left are spin multiplicities for each state. In the graphic
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schemes of each state, Ni-BChl is represented by its central Ni 600 nm and their associated transient states, relaxation processes,
atom and two macrocycle nitrogens. Small and large spheresand lifetimes. State assignments and bracket notations are according
correspond to low- and high-spin Ni, respectively. Straight and wavy 0 Musewald et al.31) whereby the first term in the bracket is the
arrows represent electronic and vibrational relaxation, respectively. macrocycle state (0, S, and T for ground, singlet, and triplet excited

(31). More specifically, we observe three short-lived tran-
sients with lifetimes of 0.135, 2.4, and 92.5 ps and an
additional longer lived component with a lifetime of more

states, respectively), the second term is the Ni atom stdgediid

(d,d) for low- and high-spin Ni, respectively], and the superscript
numbers to the left are spin multiplicities for each state. In the
graphic schemes of each state, Ni-BChl is represented by its central
Ni atom and two macrocycle nitrogens. Small and large spheres

than 1 ns. These correspond to lifetimes of 0.2, 6, and 90 pscorrespond to low- and high-spin Ni, respectively. Straight and wavy

for the respective short-lived transients and more than 2 ns
for the longer lived transients in pyridine. The spectral
features of the long-lived component in zwt312 and in
pyridine are characteristic of ground-state nonligated Ni-
BChl. This long-lived transient is missing in the DADS of
Ni-BChl—AP3 in 2% zwt312 following excitation at 610
nm (Figure 8), yet the three short-lived transients are very
similar to the Ni-BCht-Im DADS, with lifetimes of 0.105,

2.5, and 79.9 ps. Thus, as demonstrated schematically in

Figures 7 and 8, excited state relaxation of Ni-BEAP3
follows the same pathways as Ni-BCHm in zwt312 and
Ni-BChl in pyridine, but the nonligated Ni-BChl ground state
is formed only in the latter two cases. This implies that the
movement of both Ni-BChl and its ligands within the AP3
maquette is restricted by the protein to an extent that either
leads to fast geminate recombination or eliminates ligand
photodissociation altogether.

DISCUSSION

Efforts to design proteins that would assemble across
hydrophilic—hydrophobic interfaces started some time ago
with palmitoyl-terminated HP maquetted7j culminating
in the present AP family 19—21, 48) and novel design

arrows represent electronic and vibrational relaxation, respectively.
For simplicity, we present only one axial Im ligand although the
actual process may involve sequential or simultaneous photodis-
sociation of two axial Im molecules.

micelle dispersions, and most recently across aqueous
membrane interfaces. Assembly across aquemembrane
bilayers reproduces a very common feature of natural
membrane proteins and the possibility of studying selected
structural and functional elements of these often large and
complex proteins in very much simplified AP maquettes.
Indeed, as we have described in the accompanying paper,
some of the AP maquettes already show promise for
incorporating and examining functional elements in de novo
designed proteins close to or inside a membrane bildyr (
Importantly, a large variety of organic and organometallic
cofactors that have proven to be too hydrophobic to be
introduced to hydrophilic (HP) maquettes in aqueous solu-
tions because of their poor solubility become accessible to
AP magquettes. The present work has examined the binding
of an extremely hydrophobic cofactor, Ni-BChl, to the
lipophilic domain of a novel designed amphiphilic protein
maquette, AP3. This Ni-BChl derivative was selected for
its well-understood properties in solution and its characteristic
spectral responses to axial ligation of nitrogenous bases such

creations 49). This series of papers have opened up new as imidazole and its amino acid analogue, histidine. The work
avenues for structural and functional analysis of designedhas addressed in some detail the challenges we face in
protein amphiphiles at aitwater interfaces, in detergent translating cofactor binding and assembly guidelines from
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AP3 Although the typical dissociation constants of bisligated heme
are slightly lower than the respective Ni-BCh{4(= 100
N'B i e i mM?Z, for heme-Im,) (54), metal coordination alone cannot
s, “(d,d) account for the significantly reduced affinity of AP3 to Ni-
i il BChl as well as Zn-BChlX9). The high self-aggregation
tendency of these hydrophobic cofactors is certainly a
l T,= 104£2fs significant barrier for their incorporation into heme binding

proteins and protein maquettes. Another barrier is the

AP3 bulkiness and conformational flexibility of the reduced Chl
L and BChl macrocycles that make them more disruptive
24T, ) o within a protein core than the planar heme macrocycle, which

/D e is particularly destabilizing in HP maquettes that rely on good
g/”\dN

packing of their hydrophobic core. By these criteria, Ni-BChl
represents the least favorable BChl derivative to be incor-
T,= 242+0.02ps porated into maquettes because of its hydrophobic nature
and high tendency to self-aggregate in polar environments,
as well as the significant ruffling of its macrocycl27j.
TR Despite the complications involved in Ni-BChl binding,
g ik the properties of Ni-BChtAP3 are very encouraging. At
an AP3 concentration of 0.1 mM or less, axial coordination
AP3 ' by one or two protein residues predominates as indicated
k(N by the typical changes in the Ni-BChl absorption spectrum
) upon binding (Figure 1). The shift of the Ni-BChl,®and
0, %) from 538 to 605 nm is characteristic of bis-His-ligated Ni-
il el —— S BChl, which is similar to bis-His ligation of heme in HP

SRR
il Gext;}aueuengm?ﬂ] i and AP maquettes. Yet, by contrast to the unique bis-His

FiGURE 8: DADS of Ni-BChI-AP3 in zwt312 excited at 610 nm ligation in heme, the small shoulder @685 nm in the Ni-

and their associated transient states, relaxation processes, anBChl—AP3 spectrum suggests that some of the cofactors are
lifetimes. State assignments and b_racket no_tations are acc_ording toonly monoligated. Nonetheless, the sedimentation results
Musewald et al. 1) whereby the first term in the bracket is the (Figures 2 and 3) clearly show that nonligated Ni-BChl is

macrocycle state (0, S, and T for ground, singlet, and triplet excited N i - .
states, respectively), the second term is the Ni atom st@edid not bound to AP3, indicating that AP3-bound Ni-BChl is

(d,d) for low- and high-spin Ni, respectively], and the superscript incorporated within the designated heme binding site and is
numbers to the left are spin multiplicities for each state. In the either bis- or monoligated by His residues.
graphic schemes of each state, Ni-BChl is represented by its central - Sedimentation velocity provides direct measurement of the
Ni atom and two macrocycle nitrogens. Small and large spheres \;_ gch|—AP3 aggregation state (Figure 3) and clearly shows
correspond to low- and high-spin Ni, respectively. Straight and wavy g . . . L
arrows represent electronic and vibrational relaxation, respectively. that the aggregation number is primarily 4, similar ,to other
For simplicity, we present only the monohistidyl Ni-BChl, but the HP and AP maquettes. Yet, about 25% of the Ni-BEhl
same relaxation scheme applies to bishistidyl Ni-BChl as well. ~ AP3 appears to be dimers of this four-helical bundle
complex. This is once again in contrast to the HP binding
the HP to the AP world, which is not straightforward because maquette for which a unique four-helix bundle conformation
HP protein design relies on excluding hydrophobic elements has been achieved. Given the heterogeneity in coordination
from the polar solvent environment by packing them into and aggregation states, it is tempting to assume correlation
the protein core%0). However, in a hydrophobic membrane between coordination mode and aggregation number and
environment this major driving force for HP peptide and speculate that the minor population of monoligated Ni-BChl
cofactor self-assembly is not a significant factor; hence a corresponds to the dimeric form of the Ni-BGHAP3
finer balance of weaker interactions such as van der Waalscomplex, yet since these species are hard to resolve
packing, hydrogen bonds, metal coordination, and polar spectroscopically, we could not find any experimental
interactions is required for successful cofactor incorporation evidence that would validate this speculation.
into AP maquettesyl, 52). Time-resolved absorption spectroscopy provides valuable
Although reconstitution of Chl and BChl derivatives into information about the local environment of Ni-BChl within
the heme binding sites of natural proteins and protein AP3. Clearly, this environment is significantly different from
magquettes is not unprecedent&?,(53), only hydrophilic Ni-BChl—Im in either detergent micelles or organic solvents.
analogues such as Zn-chlorin e6, chlorophyllide or In Ni-BChl—=AP3 we could not observe the long-lived
bacteriochlorophyllide could be successfully incorporated. intermediate that is typically observed in organic solvents
The observed Ni-BChtAP3 dissociation constant of 0.00173 upon axial ligand photodissociation from Ni-BChl. This is
mM4, which is equivalent to 20@M, is at least 3 orders of  in contrast to Ni-BCht-Im in detergent micelles where such
magnitudes higher than the submicromolar dissociation an intermediate was observed upon selective excitation of
constant of AP and HP hemenaquette complexes. Nev- both mono- and bisligated Ni-BChl. While our spectroscopic
ertheless, it is still about 3 orders of magnitudes lower than data are insufficient to determine whether photodissociation
typical dissociation constants of bis- and monoligated Ni- in AP3 is followed by fast geminate recombination or is
BChl with small molecule ligands such as 1-methylimidazole eliminated altogether, the absence of a long-lived photodis-
in acetonitrile (25 mM and 709 mM respectively) 27). sociated state indicates that the protein provides a rigid
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coordination environment which confines axial ligand mo-
tion. Furthermore, given the significant changes in macro-
cycle conformations between ligated and nonligated Ni-BChl
(27), it is likely that the protein environment imposes a
significant conformational constraint on photodissociation by
restricting macrocycle motion. Thus, it is reasonable to
assume that Ni-BChl is incorporated into a binding pocket
within the AP3 maquette. Conferring conformational flex-
ibility to the maquette scaffold that will be initiated by axial
ligand photodissociation is an aim for future maquette
designs. Such a design may allow using Ni-BChl as an
ultrafast phototrigger for protein conformational changes.
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