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ABSTRACT Albino3 (Alb3) is an integral membrane protein fundamental to the targeting and insertion of light-harvesting com-
plex (LHC) proteins into the thylakoid membrane. Alb3 contains a stroma-exposed C-terminus (Alb3-Cterm) that is responsible
for binding the LHC-loaded transit complex before LHC membrane insertion. Alb3-Cterm has been reported to be intrinsically
disordered, but precise mechanistic details underlying how it recognizes and binds to the transit complex are lacking, and
the functional roles of its four different motifs have been debated. Using a novel combination of experimental and computational
techniques such as single-molecule fluorescence resonance energy transfer, circular dichroism with deconvolution analysis,
site-directed mutagenesis, trypsin digestion assays, and all-atom molecular dynamics simulations in conjunction with enhanced
sampling techniques, we show that Alb3-Cterm contains transient secondary structure in motifs | and 1l. The excellent agree-
ment between the experimental and computational data provides a quantitatively consistent picture and allows us to identify
a heterogeneous structural ensemble that highlights the local and transient nature of the secondary structure. This structural
ensemble was used to predict both the inter-residue distance distributions of single molecules and the apparent unfolding
free energy of the transient secondary structure, which were both in excellent agreement with those determined experimentally.
We hypothesize that this transient local secondary structure may play an important role in the recognition of Alb3-Cterm for the
LHC-loaded transit complex, and these results should provide a framework to better understand protein targeting by the Alb3-
Oxa1-YidC family of insertases.

SIGNIFICANCE Intrinsically disordered proteins or regions play key roles in a wide range of biological processes. How
intrinsically disordered proteins or regions are able to balance disorder with specificity, which is usually the result of specific
structure, is an open but critical question. In this manuscript, using, to our knowledge, a novel combination of experimental
and computational techniques, we identify regions of transient local structure in a disordered region of a protein that is
critical for targeting light-harvesting proteins to the thylakoid membrane in plants, namely Albino3, which is a member of a
wider protein family in bacteria and mitochondria. These results are expected to provide a framework to address how a
balance of disorder and transient local structure play key roles in biological processes.

INTRODUCTION

The evolutionarily conserved YidC-Oxal-Albino3 (Alb3)
protein family mediates assembly and insertion of membrane

proteins vital to the processes of energy production in bacte-
ria, mitochondria, and chloroplasts, respectively (1). Located
in the inner membrane of bacteria, mitochondria, and the
thylakoid membrane of chloroplasts, these insertases have
similar functions with the exception of some species-specific
differences (1). Each homolog shares a conserved hydropho-
bic region comprised of five transmembrane domains
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of YidC in Gram-negative bacteria. In chloroplasts, Alb3 is
required for the post-translational integration of LHCPs
into the thylakoid membrane (2). Nuclear-encoded, light-har-
vesting chlorophyll-binding proteins (LHCPs) are imported
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from the cytoplasm into the stromal compartment of the
chloroplast via a chloroplast targeting sequence (3). Upon
entrance into the stroma, the targeting sequence is cleaved,
and LHCP binds to a chloroplast signal recognition particle
(cpSRP), a heterodimer of cpSRP43 and cpSRP54, to form
the transit complex (4). Once at the membrane, via interac-
tion between cpSRP54 and its receptor, cpFtsY, the protein
complex then interacts with Alb3 (5,6). Alb3 functions as
an insertase and is critical for both the post-translational inte-
gration of LHCPs (2) and the cotranslational integration of
other chloroplast membrane proteins (7). The C-terminal of
Alb3 (Alb3-Cterm) is an intrinsically disordered region of
Alb3 that protrudes out into the stroma and facilitates associ-
ation of the transit complex at the thylakoid membrane
through recognition and association with the cpSRP43 sub-
unit (8,9). Upon binding to cpSRP43, Alb3-Cterm gains
a-helical structure, as demonstrated in circular dichroism
(CD) experiments (9). In addition, Alb3-Cterm binding to
cpSRP43 activates GTP hydrolysis by cpSRP54 and cpFtsY
(10). An interaction between LHCP and Alb3-Cterm was
also observed in in vitro binding experiments (11). Further-
more, cpSRP43 binds Alb3-Cterm, whereas cpSRP54 does
not (11), suggesting that the interaction between Alb3-Cterm
and cpSRP43 facilitates a transfer of LHCP from cpSRP43 to
Alb3-Cterm. It was also found that the cpSRP-LHCP com-
plex binds more efficiently to Alb3-Cterm than cpSRP alone
(11), suggesting a mechanism in which Alb3 is prevented
from being blocked by a cargoless cpSRP through structural
rearrangements in cpSRP upon LHCP binding.

Sequence alignments of Alb3 from five different plants
have revealed four conserved, positively charged motifs
(I-IV) in the stromal C-terminal region (9). In that study,
isothermal titration calorimetry (ITC) data suggested that
motif I is not important in the binding interaction but that
motifs II and IV are required for the interaction with
cpSRP43 (9). In a follow-up study by the same group,
lysine and arginine were independently mutated to alanine
in motifs II and IV, which led to reduced affinity to
cpSRP43, although the effect in motif IV was stronger
than motif IT (12). When the mutations were introduced
simultaneously, binding with cpSRP43 was lost
completely. This result suggests that specific positively
charged residues in motifs II and IV are important for
binding cpSRP43 (12). In a separate study, a truncated
Alb3 lacking motifs III and IV was shown to be unstable
in normal light conditions resulting in ~80% lower
amounts of truncated Alb3 present compared with wild-
type Alb3 (13). However, when grown under continuous
low light conditions, the truncated Alb3-Cterm was able
to accumulate and integrate LHCPs with only a minor
reduction compared with wild-type, suggesting that motifs
I and II and TMS were sufficient for interaction with
cpSRP43 and insertion of LHCP into the membrane,
whereas motifs III and IV provided photostability to the
protein (13).

Transient structure in Alb3

However, a key aspect missing from the studies described
above is localized structural information in Alb3-Cterm. In
this study, we combine biophysical techniques, site-directed
mutagenesis, single-molecule fluorescence resonance en-
ergy transfer (SmFRET) and all-atom-enhanced sampling
molecular dynamics (MD) simulations to provide high-res-
olution localized structural information in Alb3-Cterm. We
identify that motifs I and II have a relatively high propensity
for secondary structure with smFRET experiments showing
a broad peak with shorter inter-residue distance than that of
arandom coil. In the presence of increasing denaturant con-
centration, molecules showing high smFRET efficiencies
reduce, and those showing lower smFRET efficiencies in-
crease, which are in line with inter-residue distances ex-
pected from a random coil, indicating that this local
structure can be unfolded. Comparison of smFRET data
with independent predictions of structures from enhanced
MD simulations highlighted the formation of a-helical tran-
sient secondary structure in motifs I and II of Alb3-Cterm
with inter-residue distance distributions and apparent un-
folding free energies in very good agreement between
experiment and simulation. Finally, CD spectra of site-
directed mutants of Alb3-Cterm in which helix-breaking
residues were substituted for native residues quantified the
relative importance of specific residues in forming transient
a-helical secondary structure. The results of this study are
expected to provide a framework to better understand the
role of transient secondary structure within disordered re-
gions of an important membrane-bound insertase during
key steps of protein targeting and insertion.

MATERIALS AND METHODS

Cloning, expression, and purification of His-
tagged Alb3-Cterm

N-terminally His-tagged c-terminal of PPF1 (Alb3-Cterm in Pisum sati-
vum) was cloned into the pQE-80L vector and transformed in BL-21-Star
cells. Protein production was induced with 1 mM isopropyl-1-thio-D-galac-
topyranoside, and the cells were harvested after 3.5 h at 37°C, at which
point the absorbance value at 600 nm was 0.6. For the purification of
His-tagged Alb3-Cterm, the cells were resuspended in buffer (50 mM
HEPES, 150 mM NaCl, 10% (w/v) glycerol, and 0.02% 1-thioglycerol
(pH 7.5)). The cells were lysed using ultrasonication, and the cell lysate
was separated using ultracentrifugation at 19,000 revolutions per minute
(rpm). The supernatant was applied onto an Ni*" Sepharose column (GE
Healthcare, Chicago, IL), washed with resuspension buffer, and eluted at
300 mM imidazole (IMZ) using a stepwise IMZ gradient of 10-, 20-, 50-,
100-, 300-, and 500-mM IMZ concentrations. Alb3-Cterm migrates slightly
higher than expected, between 25 and 17 kDa. The molecular weight and
purity were confirmed by mass spectroscopy (molecular weight =
15.17 kDa). The eluted protein was further purified to homogeneity using
a Mono S ion exchange column (Cytiva, Marlborough, MA).

Initial predictions of structured regions

Structural predictions from the amino acid sequence of Alb3-Cterm were
made using six different web servers: PONDR, DISOPRED, PrDOS2,
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PSIPred, Dynamine, and FoldUnfold (14-19). The primary sequence of
wild-type Alb3-Cterm was uploaded to each server, and the output was
collected and analyzed to find a region of consensus between all algorithms
used.

Enhanced sampling MD simulations

The Loop prediction by Energy-Assisted Protocol algorithm (20) was used
to generate an all-atom model of Alb3-Cterm in a fully extended conforma-
tion. Modeler (21) was then used to generate 16 different Alb3-Cterm con-
formations using a Monte Carlo algorithm to minimize the Modeler
objective function with different number of iterations. The 16 Modeler con-
formations were then used to set up 16 independent, well-tempered meta-
dynamics simulations (22) of Alb3-Cterm in an explicit water solvent
environment. Systems were solvated in a box of TIP3P waters (23) and
0.15 M NaCl. System size ranged from 23,745 atoms to 557,583 atoms
because of the different box sizes. Simulations were performed using the
NAMD 2.13 simulation package (24) with the CHARMM36m all-atom ad-
ditive force field (25,26). Initially, we energy minimized each system for
1000 steps using the conjugate gradient algorithm (27). Then, the systems
were equilibrated for 1 ns using a 2-fs time step at 310 K using a Langevin
integrator with a damping coefficient of y = 1 ps~'. The pressure was main-
tained at 1 atm using the Nose-Hoover Langevin piston method (28). The
smoothed cutoff distance for nonbonded interactions was set to 10—12 A,
and long-range electrostatic interactions were computed with the particle
mesh Ewald method (29).

After equilibration, well-tempered metadynamics simulations were run
for 320 ns (an aggregate of 16 x 320 = 5120 ns). The a-variable was
used as the collective variable in all metadynamics simulations. This collec-
tive variable quantifies the a-helical propensity of a protein or peptide of
length N using Eq. 1

1 1 N-—2 1 N—4
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where 6, is the angle formed by cW _ ) _ ) and 4, is distance

between O™ and N © 4. The f(0) and g(d) are score functions (both
ranging from O to 1) quantifying the likelihood of 6 and d being associated
with an a-helix, Eq. 2,
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where 6, and 66 are 88 and 15°, respectively, and dj is 3.3 A. The metady-
namics algorithm used a width of 0.01, an initial Hill weight of 0.1, and an
update frequency of 1000. The pseudotemperature used for the well-
tempered feature was 1200 K (22). Conformations were collected every
4 ps for the explicit simulations.

Secondary structure determination from MD
trajectories

Visual olecular Dynamics (VMD) (30) was used to visualize the Alb3-
Cterm conformations and to generate molecular images. The structural
identification (STRIDE) algorithm (31) was used to calculate the helical
propensity of individual amino acids based on the MD trajectories. All
16 MD trajectories were combined to generate per-residue helical
propensity profiles. Overall helical propensity (h) in each metadynamics
trajectory (e.g., replica i) was calculated using the weighted average of the
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a”-collective variable using the metadynamics-based free energy profile
from trajectory i(F;(h)), Eq. 3:
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We note that the STRIDE definition of helical structure used in per-res-
idue helical propensities and the « definition of helical structure used in
overall helical propensities are related but not the same, and the two quan-
tities are not necessarily expected to have the same average values.

Cloning, expression, and purification of double
cysteine His-tagged Alb3-Cterm mutant for
smFRET

An endogenous cysteine residue was kept at position 14 in the original
sequence, and an additional cysteine residue was introduced at position
52 (S52C). Primers were designed using an Agilent design program and or-
dered from Integrated DNA Technologies (Coralville, IA). Site-directed
mutagenesis was performed using a QuikChange II XL kit (Agilent Tech-
nologies, Santa Clara, CA). The primer-encoded point mutation was intro-
duced into the coding sequence of HIS-Alb3-Cterm by polymerase chain
reaction. The plasmid was then transformed into DHS5« competent cells,
and the construct was sequence verified by Molecular Resource Laboratory,
University of Arkansas, Fayetteville, AR, for Medical Sciences, Little
Rock, AR. Upon confirmation of the plasmid sequence, the mutant protein
was overexpressed in BL-21-Star Escherichia coli cells cultured in
lysogeny broth at 37°C with agitation at 250 rpm. Overexpression,
purification, and quantification methods were the same as described
above for His-tagged Alb3-Cterm except that the second chromatographic
step was carried out on a size exclusion column. Purity of S52C is
depicted by sodium-dodecyl-sulfate-polyacrylamide-gel-electrophoresis
(SDS-PAGE) gels stained with Coomassie Brilliant Blue G-250 dye
(Thermo Fisher Scientific, Waltham, MA).

Fluorescent labeling and smFRET

The double cysteine Alb3-Cterm mutants and wild-type were both labeled
under the same conditions. Alb3-Cterm was incubated in pH 7.5 10 mM
phosphate-buffered saline, with 50 uM Alexa Fluor 488 (Alexa488) C5
maleimide and 1 mM Alexa594 C5 maleimide for 30 min at room temper-
ature. Tris (2-carboxyethyl) phosphine hydrochloride treatment was used to
inhibit the formation of disulfide bonds. To remove the excess free dye, the
labeling mixture was separated on a Bio-Gel P-6DG Gel filtration column
(Bio-Rad Laboratories, Hercules, CA).

Labeled protein preparations were diluted to ~10 pM for smFRET exper-
iments. Under these conditions, the average time between bursts was over
100 ms, compared with the ~1-ms diffusion time of the protein through
the confocal volume and, thus, is statistically highly unlikely to contain
more than one molecule at a time. The dilution buffer for the denaturation
experiments contained the appropriate concentration of guanidine hydro-
chloride in pH 7.5 phosphate-buffered saline buffer. smFRET was per-
formed as described in our previous reports (32,33). Briefly, a MicroTime
200 microscope (Picoquant, Berlin, Germany) based on an Olympus
IX71 microscope (Olympus Life Science, Center Valley, PA) was used.
The protein solutions were exposed to 485 nm of continuous wave excita-
tion at 75 uW power for 3-min intervals, after which the sample aliquot was
changed. Fluorescence was collected using a 60x water immersion objec-
tive with a numerical aperture of 1.3. A 100-um pinhole was used to block
out-of-focus fluorescence. Collected photons were then passed to an FF562-
Di03 dichroic mirror (Chroma, McHenry, IL) to split the fluorescence into
donor and acceptor channels based on wavelength. Furthermore, band-pass



filters (Chroma) in each channel were used to restrict photons to the respec-
tive fluorescent ranges of the donor and acceptor fluorophores. These filters
were 520/35 and 620/60 for the donor and acceptor channel, respectively.
Single photon avalanche diode detectors (PDM; Microphotonic Devices,
Bolzano, Italy) were used to collect donor and acceptor signals in time-
tagged time-resolved format.

Single-molecule traces were binned into 1-ms intervals and analyzed us-
ing a home-written analysis Python program. First, the donor channel was
corrected using the y-factor that was determined experimentally to be 0.6.
This vy-corrected donor value was added to the acceptor channel value, and
any burst meeting the threshold of 20 counts/ms was analyzed. Ratiometric
fluorescence resonance energy transfer (FRET) efficiencies were calculated
for all bursts using the vy-factor and the donor fluorescence leak into the
acceptor channel, which was found to be 7%. Direct excitation of the
acceptor dye by the 485 nm laser was found to be negligible. All FRET ef-
ficiencies for a sample were binned to produce the smFRET histograms.

Computational prediction of smFRET distance
distributions

Atomic models of Alexa488 and Alexa594 dyes were attached to a cysteine
amino acid and simulated in explicit water for 100 ns. The system size was
7407 atoms for Alexa488 and 5512 atoms for Alexa594. All simulation pro-
tocols were similar to those used for Alb3-Cterm simulations as described
above. Parameter and topology files were generated using Chemistry at
Harvard Macromolecular Mechanics General Force Field (34). Simulations
were performed using NAMD 2.13 with simulation parameters similar to
those described above for Alb3-Cterm. These dye models replaced the
Alb3-Cterm residues of interest (C14 and S52) from the explicit well-
tempered metadynamics simulations. For the replacement, S52 was first
mutated to C52, and the sampled conformations of both dyes were aligned
with both C14 and C52. For each conformation of Alb3-Cterm and the
donor and acceptor dyes, two alternative models were generated (donor
and acceptor attaching to C14 and C52, respectively, or vice versa). Both
the Alb3-Cterm simulation and the dye simulations were advanced 40 ps
to generate a new conformation. Because the Alb3-Cterm simulations
were longer than the dye simulations, it was necessary to “restart” near
the beginning of the dye conformations every 100 ns. Mass center fluoro-
phore-fluorophore distance distributions were then calculated for every
conformation. The alignment of separate dye and protein simulation trajec-
tories resulted in some conformations with dye-dye distances that are
unrealistically close. To avoid this steric overlap, conformations where
the dye-dye distance was less than 5 Awere rejected. This procedure gener-
ated more than 136,000 simulated conformations of Alb3-Cterm with dyes
attached. The distance data were then binned into histograms and compared
with the distance distribution derived from smFRET data (with an experi-
mentally determined Ry of 57 A).

Cloning, expression, and purification of His-
tagged Alb3-Cterm helix-breaking mutants

Single-point mutants of Alb3-Cterm (A21G, V24G, L26G, and K28G) were
cloned into pQE-80L bacterial expression vector, which was used as a tem-
plate for site-directed mutagenesis. Primers were designed using an Agilent
primer design program (Integrated DNA Technologies). Site-directed muta-
genesis was performed using a QuikChange IT XL kit (Agilent Technolo-
gies) followed by polymerase chain reaction. The plasmid was then
transformed into DH5« competent cells. Upon confirmation of the correct
plasmid sequences, each mutant was overexpressed in BL-21-Star E. coli
cells cultured in lysogeny broth at 37°C with agitation at 250 rpm. Overex-
pressed cells were lysed using ultrasonication and separated from the cell
debris using ultracentrifugation at 19,000 rpm. Alb3-Cterm mutants were
purified as described above for the wild-type Alb3-Cterm. The purity of
the Alb3-Cterm mutant proteins were assessed by 15% SDS-PAGE from

Transient structure in Alb3

an Ni*" column and subsequent purification using Mono S. Protein bands
were visualized by staining the gels with Coomassie Brilliant Blue R-250
dye (Thermo Fisher Scientific). Ovalbumin (A5503) was purchased from
Sigma-Aldrich (St. Louis, MO).

CD and intrinsic fluorescence spectrometry

CD measurements were performed on a Jasco J-1500 CD spectrometer
(Oklahoma City, OK) equipped with a variable temperature cell holder.
Conformational changes in the secondary structure of Alb3-Cterm were
monitored in the far-ultraviolet (UV) region between 190 and 250 nm
with a protein concentration of 20 uM in a quartz cuvette with a path
length of 1 mm. The scanning speed, band width, and data pitch were set
to 50 nm/min and 1.00 and 0.1 nm, respectively. Three scans were taken
(within a 1000 HT voltage range) and averaged to obtain the CD spectra.

Deconvolution of protein secondary structure from the CD spectra of
wild-type Alb3-Cterm and the single-point mutants was performed using
CONTIN, CDSSTR, and SELCON, available with the CDPro program
package online (35,36). The CD data from 190 to 250 nm for wild-type
Alb3-Cterm and each mutant were input into each of the CDPro algorithms,
and the output gave fractional estimations of a-helical content (regular and
distorted), B-sheet content (regular and distorted), turns, and disordered
regions.

Fluorescence spectra were collected using a Fluorescence Spectropho-
tometer F-2500 (Hitachi, Tokyo, Japan). Initial intrinsic fluorescence read-
ings of Alb3-Cterm were taken at an excitation of 280 nm, and the emission
intensity was recorded within a range from 300 to 450 nm.

Limited trypsin digestion

Limited trypsin digestion of Alb3-Cterm and Alb3-Cterm mutants was per-
formed in HEPES buffer. The initial reaction tube contained 500 ug of pro-
tein and 0.5 ug of enzyme. The trypsin-containing samples were incubated
at room temperature (25°C). Digested samples were removed every 2 min
for up to 15 min, and then, the final sample was taken at 20 min. The reac-
tion was stopped via the addition of 10% trichloroacetic acid to each 100 uL
aliquot. Trichloroacetic acid precipitated samples were resolved on a 15%
SDS-PAGE gel and subsequently stained using Coomassie Blue (Thermo
Fisher Scientific). UN-ScanIT software (Silk Scientific, Orem, UT) was
applied to identify the percent of digestion based on the size of the parent
band remaining at each time point.

RESULTS

Propensity for local secondary structure in Alb3-
Cterm

The first indication of secondary structure in Alb3-Cterm
was obtained through a close examination of the far-UV
CD spectrum (Fig. 1). This spectrum shows a prominent
negative peak centered around 200 nm, indicative of random
coil structure (37). However, a small shoulder at 222 nm is
also observed (indicated by the arrow in Fig. 1), which sug-
gests the presence of some local helical structure(s) (37). A
stable helical structure is typically signified by double min-
imum at 208 and 222 nm. However, the 208 nm peak is
likely buried under the prominent 200-nm ellipticity peak
representing random coil behavior. The far UV CD spec-
trum suggests that the backbone of Alb3-Cterm is predom-
inantly disordered interspersed with weak helical segments.

Biophysical Journal 120, 4992-5004, November 16, 2021 4995



Baucom et al.

200000

wavelength (nm)

190 210

220

250
-200000

-400000

-600000

-800000

molar ellipticity (deg.cm2/dmol)

-1000000

-1200000

-1400000

FIGURE 1 Far UV-CD spectrum of Alb3-Cterm. The arrow indicates
that a small amount of helical secodary structure may be present.

We then used various common software program servers
to predict if secondary structure was possible from the
amino acid sequence of Alb3-Cterm. Results from PONDR,
PSIPRED, DISOPRED, PrDOS2, Dynamine, and FoldUn-
fold indicated a consistent prediction of local structure
near the N-terminal of Alb3-Cterm (Figs. S1-S5). The com-
plete sequence of Alb3-Cterm is shown in Fig. 2, with the
consensus for the predicted ordered region of interest as
shown in bold. In this sequence numbering scheme, motif
I occurs between residues 15 and 34, motif II occurs be-
tween residues 43 and 52, motif III occurs between residues
60 and 77, and motif IV occurs between residues 126 and
136.

Next, we employed an extensive set of all-atom MD sim-
ulations in conjunction with state-of-the-art enhanced sam-
pling techniques to characterize the helical propensity of
Alb3-Cterm in an explicit aqueous solvent environment,
as described in the Materials and methods. Conformations
derived from over 5 us of enhanced MD simulations were
used to calculate the helical propensity of individual Alb3-
Cterm amino acid residues (Fig. 3). The regions of highest
helical propensity generally agree with the regions predicted
by the less-accurate sequence-based secondary structure
software used above but provides much more quantitative
analysis. Fig. 3 predicts moderate helical propensities
(5-20%) between residues 8 and 50, corresponding to

motifs I and II, although some residues in this region drop
down close to zero. In addition, moderate helical propen-
sities located near to the C-terminal end of the sequence
were also reported by the simulations between residues 75
and 120, which corresponds to residues between motifs 11
and I'V. However, these regions generally have lower helical
propensities than those in the 8-50 residue range. The resi-
due-by-residue helical propensities reported in Fig. 3 are
based on the STRIDE algorithm (31). Furthermore, overall
helical propensity was determined to be 26 = 4% from the
estimated free energy profile along overall helical propen-
sity, denoted by “w-collective variable” used in our
enhanced sampling algorithms (Fig. 4). We note that the
a-collective variable uses a slightly different definition for
helical propensity as compared with that used in STRIDE
algorithm, as described in the Materials and methods.

smFRET of Alb3-Cterm shows the presence of
local secondary structure that can be disrupted
by chemical denaturation

By placing an FRET pair of fluorescent dyes at two residues
encompassing the predicted helical region, smFRET on
freely diffusing Alb3-Cterm was used to estimate the dis-
tance between the dye positions in the protein. The top panel
in Fig. 5 A shows the smFRET histogram of the Alb3-Cterm
under native-like (nondenaturing) conditions. Two popula-
tions of FRET efficiencies are evident. The low FRET effi-
ciency peak centered around zero results from statistically
labeled donor-only Alb3-Cterm and provides no structural
information. The high-FRET peak (E = 0.9) is from the
dual-labeled population. Using this 0.9-FRET-value, an
experimentally determined FOrster distance for these dyes,
Ro, of 57 A and applying the equation derived in (38)
relating FRET efficiency to end-to-end distance for a disor-
dered protein results in an interdye distance of 25 A. Even
without taking into account the length of the dye linker,
this is shorter than the ~42-A separation expected for a
38-residue disordered protein as reported for chemically de-
natured proteins (39) or intrinsically disordered proteins
(40,41) (converting Rg to end-to-end distance, R, using
R = /6 x Rg (42)), and the disagreement is only worse
once the dye linker length is added. This disagreement

130

QSFSRERRSK RSKRKPVA

10 20 30 40 50 60
MRGSHHHHHH GSACNNVLST AQQVWLRKLG GAKPAVNENA GGIITAGQAK RSASKPEKGG FIGURE 2 Amino acid sequence of Alb3-Cterm.
The amino acids highlighted in bold depict the com-
70 80 90 100 110 120 mon region of predicted structure. The His-tag is
ERFRQLKEEE KKKKLIKALP VEEVQPLASA SASNDGSDVE NNKEQEVTEE SNTSKVSQEV also shown for completeness and included in the

numbering scheme. The underlined numbers repre-
sent each tenth amino acid residue used in our
numbering scheme.
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FIGURE 3 Helical propensity per residue from MD simulations.
STRIDE algorithm (31) was used to calculate the helical propensity of in-
dividual amino acid residues. The region of interest (residues 15-38) has a
peak helical propensity of around 15%.

suggests that the protein is more compact or structured than
complete disorder or random coil would suggest, in agree-
ment with that expected from Fig. 3. It is also interesting
to note the broadness of the high-FRET peak which could
indicate that as well as a relatively compact conformation,
there is also flexibility and/or disorder in this region.
Because the diffusion of the protein through the confocal
volume is ~1 ms, this would indicate that such transitions
between multiple relatively compact states is on timescales
slower than 1 ms, indicating that these states are somewhat
stable and may further indicate multiple possible sources of
secondary structure, as suggested by the various degrees of
helical propensity shown in Fig. 3. This point will be veri-
fied and discussed in more detail below.

To further investigate the existence of secondary structure
in this region, a denaturation titration was performed using
guanidine hydrochloride. As shown in Fig. 5 A, as dena-
turant is titrated in, the high-FRET peak from the original
conformation begins to decrease and a new peak at mid-
FRET efficiencies appears. In the smFRET histograms,
three populations were fitted. The peak at very low FRET
efficiencies represents the donor-only labeled population
of molecules and was fitted with a lognormal function
with parameters corresponding to the smFRET signal of a
separately measured donor-only labeled Alb3-Cterm. The
high-FRET peak was also fitted to a lognormal function
(reversed in its asymmetry), with parameters associated
with the FRET-labeled protein under nondenaturing condi-
tions. A Gaussian peak was used to fit the subpopulation
of denatured molecules at intermediate FRET. Using these
fits, the donor-only peak was removed to highlight the
changes in smFRET, as shown in Fig. 5 B, in which the
data are overlaid, and the histogram bars is removed for
clarity. The disappearance of the high-FRET peak to be re-
placed with a mid-FRET peak is strongly indicative that
some structure was present in normal buffer and that the pro-

Transient structure in Alb3

tein becomes more disordered in this region as denaturant
concentration increases. Furthermore, we observed a dena-
turant-induced expansion of this completely unfolded state
(Fig. 5 C), in agreement with previous reports on expansion
of unfolded random coils from globular proteins (38,43,44).
The average smFRET of this completely unfolded state is
~0.7, which as described above, using a FOrster distance
for these dyes, Ry, of 57 A translates to an interdye distance
of 42 A using the equation derived in (38). This agrees
perfectly with that expected for a random coil for chemi-
cally denatured proteins (39) or intrinsically disordered pro-
teins (40,41) indicating that this mid-FRET state is indeed a
random coil undergoing denaturant-induced expansion.

Additionally, we dialyzed the denaturant from the labeled
Alb3-Cterm to determine if the denaturation was reversible
(Fig. 5, A and B, renatured). The high-FRET peak of the
native structure recovered, and the intermediate FRET
peak vanished, although a significant fraction of the total
number of FRET-labeled molecules was lost, presumably
due to aggregation and/or time-dependent proteolytic degra-
dation of the protein.

By comparing the integrated area of the high-FRET peak
and intermediate FRET peak fits, the apparent free energy
change associated with the “unfolding” process can be
determined. For any given concentration of denaturant, the
free energy difference between folded and unfolded states,
AGgy, is given by Eq. 4,

AGFU = —RTIn %, (4)

where U and F are the fractions of the unfolded and folded
states, respectively, R is the ideal gas constant, and T is the
temperature. Although this protein is never actually
“folded” in the same sense that a globular protein is, we
can obtain an approximate free energy of the transient sec-
ondary structure by assuming that the apparent free energy
difference between the “unfolded” and “folded” states de-
creases linearly as denaturant increases. Thus, the apparent
free energy difference in the Alb3-Cterm under native con-
ditions, 4Gy, can be determined according to Eq. 5, as
described previously (45,40).

AGpy = AG, — m|GdnHClI) )

By plotting the 4Ggy versus denaturant concentration,
the y-intercept yields 4Gy, and the slope yields the cooper-
ativity, m, for the unfolding process, as previously shown.
Fig. 5 D shows this plot and yields a free energy difference
between the “folded” and “unfolded” states, 4Gy = 1.1 *+
0.1 kcal/mol and a cooperativity, m = 0.78 = 0.07 kcal/
(mol-M). This small energy difference is consistent with
low stability of secondary structure in the region. The small
cooperativity value also indicates that the secondary struc-
ture is stabilized only slowly with removal of denaturant,
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are shown inset. The error bars represent the standard
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indicating a low propensity for secondary structure and
perhaps only transient formation.

It should be highlighted that we use the term “apparent
free energy” here because we do not think that this protein
is truly described as a two-state model in the classical sense
of the unfolding of a globular protein. The broadness of
both the high-FRET and the mid-FRET peaks suggest
that each of these populations are best described as an
ensemble of conformational states rather than a single
state, which is also supported by our MD simulations.
We use the unfolded and folded terms in Eq. 4 to obtain
an estimate of the free energy associated with secondary
structure disruption of a somewhat already disordered pro-
tein, and so, these numbers should not be directly
compared with those of globular proteins. However, to
justify the use of Eq. 4, we need to ensure that there is
no interconversion between the high-FRET peak and the
mid-FRET peak on the 1-ms timescale of the smFRET
binning that would affect the shapes and positions of these
peaks. If so, it can be assumed that there is a high enough
energy barrier between the sets of conformations underly-
ing the high-FRET molecules (containing some secondary
structure) and the mid-FRET molecules (consisting of a
random coil) that a two-state model can be used to extract
an approximate free energy difference between the set of
conformations containing transient secondary structure
and the random coil. In the Supporting materials and
methods, we show that varying the binning time of the
smFRET experiment between 1 ms and 200 us does not
affect the shapes of the smFRET histograms, indicating
that there is no interconversion between these sets of con-
formations on the submicrosecond timescale. The low sta-
bility and heterogeneity of the secondary structure
observed leads us to use the term “transient secondary
structure” to highlight these aspects.
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Experimental smFRET and all-atom MD
simulations of dye-dye distance distributions are
in very close agreement

The relationship between the smFRET efficiency of Alb3-
Cterm at 0.0 M denaturant shown in Fig. 5 B (black curve),
and the dye-dye distance was calculated using the Gaussian
chain model, as previously described (38), to provide E(r).
Then, the probability of dye-dye distance, P(r), was found
using Eq. 6.

©)

Fig. 6 shows an overlay of the experimental P(r)-values
of Alb3 C-term between the dyes at residues 14 and 52
(solid line) and the independently calculated dye-dye dis-
tances derived from the enhanced MD simulations (dashed
line), highlighting the quantitatively consistent picture be-
tween simulation and experiment. The MD-based distance
distributions shown in Fig. 6 are generated using 16 separate
simulations, and three example conformations that result in
a dye-dye distance at the most probable position are shown,
which exemplifies the transient nature of the secondary
structure (helices shown in purple).

In addition to the dye-dye distance distribution, we also
estimated the unfolding apparent free energy associated
within residues 14-52 from the STRIDE-based helical pro-
pensities (Fig. 3) using Eq. 7, which is very similar to Eq. 4.

AGy = — RTIn?Y )
PF

Here, pr- quantifies the probability of any residue in the 14—
52 region to be structured, and p;; = 1 — p. Based on the data
shown in Fig. 3, we estimate 4Gy = 1.5 = 0.4 kcal/mol,
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online.

which is in good agreement with the experimental
smFRET-based measurement of 4Gy, = 1.1 = 0.1 kcal/
mol (Fig. 5 O).

Given that the MD simulations did not use any experi-
mental information from the smFRET experiments above,
the agreement between the experimental data and simula-
tions is remarkable and supports our, to our knowledge,
novel simulation approach for generating an ensemble of
Alb3-Cterm conformations, imparting confidence in our
detailed atomic-level descriptions of Alb3-Cterm structural
ensembles.

Helix-breaking mutations result in loss of local
secondary structure

Four single-point mutations were designed and analyzed
with far UV-CD, intrinsic fluorescence, and limited trypsin
digestion to probe for changes in structure and stability.
Four amino acids, A21, V24, 1.26, and K28, were selected
based on their ability to promote helix formation in the
high helical propensity region identified near the N-termi-
nus of Alb3-Cterm, and four mutants were constructed in
which each of these residues were separately mutated to
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glycine, a known helix-breaking residue (47-49). Although
the CD spectrum reports on the whole protein, changes in
the CD spectrum upon site-directed mutagenesis of a single
residue allows us to determine if any local secondary struc-
ture is affected, and thus, we rationalize that the changes in
the CD spectrum upon these mutations will allow us to
determine the relative local secondary structural
composition.

The far UV-CD spectra of wild-type Alb3-Cterm and the
four mutants are shown in Fig. 7 A. The A21G, V24G, and
L26G mutants each clearly show a weaker shoulder at
~222 nm together, with a narrowing of the peak around
208 nm when compared with wild-type Alb3-Cterm. Nega-
tive ellipticity at these wavelengths are generally associated
with helical structure, and thus, the data imply at least some
loss of helical secondary structure for the A21G, V24G, and
L26G mutants compared with wild-type Alb3-Cterm. The
K28G mutant shows smaller differences to wild-type
Alb3-Cterm but does show a broadening in the shape of
the shoulder around 210-230 nm as well as a weaker slope
between 190 and 200 nm. This could indicate more complex
changes in the helical, sheet, and random coil composition.
Detailed deconvolution of the various CD spectra will be
discussed in more detail below. In contrast to the CD spec-
tral changes, the intrinsic fluorescence spectra from the lone
tryptophan, which is also in motif I, for the wild-type and all
four of the single-point mutations showed insignificant
shifts in the wavelength of maximal emission or peak shape
(Fig. 7 B). The peaks are centered at ~350 nm, which is
indicative of a completely solvent-exposed trypophan, high-
lighting the local environment of the tryptophan is signifi-

5000 Biophysical Journal 120, 4992-5004, November 16, 2021

20 40 60 80 100

converted into dye-dye distance using the Gaussian
chain model as previously described (38), and
dye-dye distance distributions from enhanced MD
simulations. Three representative converged confor-
mations representing the most probable dye-dye dis-
tance are depicted above the distribution plot, with
transient helical regions highlighted in purple, un-
strucured regions shown in green and the dyes shown
in blue and red. The transient nature of the helical re-
gions is obvious from their variation from structure
to structure. To see this figure in color, go online.

cantly exposed to solvent for wild-type of Alb3-Cterm and
all the helix-breaking mutations. Clearly, tertiary structure
is not formed to any measurable degree in Alb3-Cterm,
which would be expected for a mostly disordered protein
with only transient secondary structure.

Quantification of secondary structural content from the CD
spectra of wild-type Alb3-Cterm and the four helix-breaking
mutants were analyzed using three different deconvolution
algorithms in the CDPro program (Table 1). CONTIN/LL
(35), CDSSTR (50), and SELCON3 (36) all provide an esti-
mation of protein secondary structure using different fitting
approaches (see Supporting materials and methods for more
discussion on the different algorithms). Sreerama et al. found
that in most cases, CONTIN/LL provided the best agreement
to predictions from x-ray structures, with SELCON3 perform-
ing slightly better than CDSSTR (36).

From the data in Table I, three key observations are
immediately evident. First, wild-type Alb3-Cterm contains
approximately equal amounts of helical, turn, and disor-
dered composition, with very little sheet structure. Second,
the disordered fraction is consistently increased in the helix-
breaking mutants, although there is also an increase in the
amount of regular §-sheet structure as well when compared
with wild-type Alb3-Cterm. Third, the helical fractions
contain both regular and distorted helices, with distorted he-
lices being more prevalent. The combined fraction of regu-
lar and distorted helices was reduced by ~0.15-0.25 in all
the helix-breaking mutants when compared with wild-
type, with an increase in both the disordered and regular
B-sheet fractions. The fraction of turn structure was compa-
rable in wt-Alb3-Cterm and in each of the mutants. Taken
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FIGURE 7 The Far-UV CD spectra (A) and intrinsic fluorescence (B) of
wt-Alb3-Cterm and the four helix-breaking mutants, A21G, V24G, L26G,
and K28G. To see this figure in color, go online.

together, the data suggest that each of the helix-breaking
mutants does decrease the helical composition of Alb3-
Cterm while also increasing the disorder, but the effects
are more complicated than a simple order-disorder transi-
tion due to changes in the 3-sheet composition. We cannot
discriminate at this point if the 8-sheet composition is tran-
sient or if it is associated with partial aggregation of the pro-
teins upon mutation.

Limited trypsin digestion provides information on the
backbone flexibility of proteins. Arginine and lysine resi-
dues located in flexible, solvent-accessible regions of pro-
teins are more vulnerable to trypsin cleavage. The results
of these digestion assays are shown in Fig. 8, with error
bars representing the standard deviation of the stained
band intensities from experiments performed in triplicate.
wt-Alb3-Cterm contains 46 trypsin cleavage sites, which
in conjunction with being predominately unstructured, re-
sults in it being highly susceptible to enzymatic cleavage.
The rate of digestion is much slower for wt Alb3-Cterm
compared with the mutants. After 20 min of incubation
with trypsin at 25°C, the wt Alb3-Cterm parent band,
migrating at 15 kDa, is reduced to 25% of its original quan-
tity. At the same time point, A21G, K28G, V24G, and L26G
are reduced to 8, 5, 0, and 0%, respectively. These results

Transient structure in Alb3

suggest that the introduction of these single-point mutations
led to a significant increase in the backbone flexibility of
Alb3-Cterm and, therefore, an overall loss of structural
integrity, in agreement with a general loss of secondary
structure.

DISCUSSION

In this study, we have examined the complex structural
properties of Alb3-Cterm, a predominately intrinsically
disordered protein and discovered a region of ~30 amino
acids long with moderate propensity for secondary structure
formation. By comparing single-molecule FRET distribu-
tions with predictions from an ensemble of all-atom struc-
tures derived from enhanced sampling, all-atom MD
simulations, we have uncovered the transient nature of this
secondary structure, which rationalizes its low abundance
measured in the CD spectrum. We further showed that the
secondary structure can be interrupted by chemical dena-
turant or by using single-point helix-breaking mutations
and trypsin digestion assays.

The region in Alb3-Cterm that we have identified here to
show transient secondary structure correlates to motifs I and
II, which have been argued to play an important role in the
integration of LHCP into thylakoid membranes (13). How-
ever, other studies have suggested that motif I is not so
important but that motifs II and especially IV are (9,12).
This debate is also complicated by the fact that different
interaction domains on cpSRP43 have been proposed. In
one study, the Ankyrin-repeat domain of cpSRP43 was
shown to have a strong affinity (~200 nM) to Alb3 C-
term (8), whereas other studies have shown that the CD2-
CD3 domains of cpSRP43 interacts with Alb3-Cterm, albeit
with a lower affinity (~20 uM) (9,12). NMR data of Alb3-
Cterm consisting of motifs II-IV suggested that CD3 was
the primary interaction site for these motifs (12), although
removal of the CD3 domain from cpSRP43 only slightly
reduced the affinity of cpSRP43 for full-length Alb3-Cterm
(53 uM) (9). Furthermore, it had been previously shown that
deletion of the CD3 domain from cpSRP43 does not inhibit
LHCP integration into the thylakoid membrane (51). It is
possible that the transient secondary structure in motifs
I-II observed in this study, and the fact that single-point mu-
tations can inhibit such formation may account for some of
these inconsistencies, but additional research may be needed
to extract out the exact functional implications. The ability
of our, to our knowledge, novel all-atom enhanced MD sim-
ulations to provide conformational structural ensembles that
show locations of transient secondary structure formation,
which was in excellent agreement with experimental
smFRET distributions and site-directed mutagenesis assays,
is expected to provide an excellent framework to better iden-
tify important, specific regions in Alb3-Cterm. These re-
gions will be tested for functional implications both in
binding cpSRP subunits and LHCP, as well as their roles
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TABLE 1 Estimation of protein secondary structure from far-UV CD spectra of wt-Alb3-Cterm and the mutants and the percent of
structured and unordered content was calculated using CONTINLL, CDSSTR, and SELCON3

Helix (regular) Helix (distorted) Sheet (regular) Sheet (distorted) Turn Disordered
Wild-type
CONTIN/LL 0.149 0.244 0.001 0.072 0.270 0.265
CDSSTR 0.193 0.244 0.076 0.067 0.181 0.254
SELCON3 0.138 0.209 0.013 0.063 0.259 0.329
A21G
CONTIN/LL 0.037 0.133 0.113 0.093 0.237 0.388
CDSSTR 0.010 0.057 0.165 0.105 0.242 0.414
SELCON3 0.063 0.111 0.132 0.080 0.224 0.409
V24G
CONTIN/LL 0.038 0.129 0.076 0.079 0.257 0.421
CDSSTR 0.039 0.132 0.126 0.089 0.260 0.356
SELCON3 0.065 0.123 0.099 0.092 0.242 0.409
L26G
CONTIN/LL 0.065 0.152 0.140 0.083 0.224 0.336
CDSSTR 0.055 0.152 0.110 0.093 0.238 0.353
SELCON3 0.085 0.142 0.119 0.074 0.229 0.347
K28G
CONTIN/LL 0.046 0.162 0.043 0.082 0.274 0.393
CDSSTR 0.074 0.171 0.117 0.086 0.226 0.324
SELCON3 0.076 0.177 0.020 0.073 0.255 0.387

in subsequent integration of LHCP into thylakoid mem-
branes. Furthermore, because of the similarity in function
of the YidC-Oxal-Alb3 protein family, our results may
imply that although YidC and Oxal have structured sol-
vent-exposed but flexible regions (52,53) and Alb3 is mostly
disordered (9) but shown here to contain transient secondary
structure, this class of proteins may have a common struc-
tural basis for substrate recognition underlying both co-
and post-translational protein targeting.

CONCLUSIONS

We have used, to our knowledge, a novel combination of
single-molecule FRET and all-atom MD simulations that
take advantage of enhanced sampling techniques to identify
local transient secondary structure in the intrinsically disor-
dered C-terminal region of the Alb3 insertase, a key mem-
brane protein for targeting light-harvesting proteins to the
thylakoid membrane. The excellent agreement between
the experimental and computational interfluorophore distri-
butions of single Alb3-Cterm molecules and the unfolding
apparent free energy of the secondary structure allowed us
to identify a structural ensemble that highlights the transient
and local nature of the secondary structure formation. Sin-
gle-point helix-breaking mutations, CD spectral deconvolu-
tion, and trypsin digestion assays all support the conclusion
of local transient secondary structure close to the N-termi-
nus of Alb3-Cterm. As stated in the introduction, there is
a great deal of debate as to which of the motifs I-IV are
important for cpSRP43 binding and LHCP integration.
The observation of transient secondary structure reported
here will provide the basis for future studies on the relative
importance of such structure in each of the motifs to explain
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the basis for the conflicting results, such as examining spe-
cific single- and multiple-point helix-breaking mutations in
each of the motifs on the binding of cpSRP43 to Alb3
C-term and the integration of LHCP. More generally, these
results provide a structural framework to further examine
the possible role of local transient secondary structure in
otherwise intrinsically disordered regions of proteins that
play important roles in protein targeting, such as those of
the YidC-Oxal-Alb3 protein family.
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