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Pigments and Photoprotection
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fast and ‘flexible’ Non-photochemical quenching
mechanisms—Engineering Motivation




Modules in Cyanobacterial
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Optimizing Power Production




Optimizing Power Production







Flexible Non-photochemical Quenching in Cyanobacteria
A detailed mechanistic understanding of
flexible NPQ should lead to guided

strategies for optimizing its role in energy
partitioning and increasing the efficiency

of photosynthesis in engineered
biological systems

Dissipation as heat

Photochemistry (PSllI)



Flexible Non-photochemical Quenching: A Comparison
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Reactions driven by “limiting” and “excess” light
are enzyme catalyzed and drive conformational
changes in transmembrane Light Harvesting
Complex (LHC) proteins

Flexible NPQ in plants also involves sensing of
lumen pH by another protein, PSBS

Configurational change of carotenoid involved?

Figure Credit (Left): Holt et al., 2005, DOI:
10.1126/science.1105833

Cyanobacteria (OCP)
1 (light)

Quenching active OCPR Photoactive

2 (FRP)

1.) what are the structural requirements for
inducing NPQ_,,,? That is, what makes active
OCP active? (OCPR/RCP)?

2.) OCP ideal model system—water soluble
pigment binding protein



The OCPP Structure
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Kerfeld et al., Structure 2003
Wilson et al., J. Biol Chem 2010



rotein Structural Dynamics of full-length OCP: X-ray footprinting at LBNL (w/ Corie Ralson
and Sayan Gupta)

Introduction to the technique:

1. Sampled pumped through glass capillary and
x-rays generate hydroxyl radicals in solvent

HZO X-rays a *OH

2. Radicals react with polypeptide; covalently/permanently S
labeling amino acids (more solvent accessibility = higher
likelihood of oxidation)

Amino acids are labeled at different rates.

Cys > Met > Trp > Tyr > Phe > His > Leu > lle ...

3. Protein digested and oxidations subsequently detected
w/ 2D-MS

A simple application of x-ray footprinting: probing
differential solvent accessibility in different forms of a
protein (i.e. OCP® vs OCPR):

More exotic applications w/ x-ray hydrolysis: structural dynamics (incl. time resolved studies
of protein folding or protein-protein interactions), in vivo footprinting, etc.
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Expose OCP° samples
(in darkness) at
different exposure
times by varying flow
rate.

Collect samples for MS
(0.5 mL@ ~0.1
mg/mL for full data
set).



llluminate 10 min w/
blue LED (chill with ice
bag)




Expose OCPR samples.
Collect for MS.

Collect samples for MS
(0.5mL@ ~ 0.1
mg/mL for full data
set).




Data Processing

e Trypsin/Glu-C digestion and
LC-MS/MS
Sample Data Pro 13-22

e For each peptide, plot
fraction unmodified as
function of irradiation time.

Peak 1-4 conbined ‘ —e—|

GIFPNTLAADVVPATIAR

Fraction unmodified

Calculate rate constant (k =
1/t) for modification using
fit to single exponential
function, y = A*exp(-x/t).
The Solvent Accessibility
Change, R =
k(OCP©)/k(OCPR)




Excellent OCP Sequence Coverage w/ MS using dual protease digests

Missing peptide regions in early XRF mass-spec data (w/ trypsin digest alone) covered
well w/ V8-E digest

Example trypsin digest coverage (MS matched peptides in BOLD):

1 MPFTIDSARG IFPNTLAADV VPATIARFSQ LNAEDQLALI WFAYLEMGKT

51 LTIAAPGAAS MQLAENALKE IQAMGPLQQT QAMCDLANRA DTPLCRTYAS
101 WSPNIKLGFW YRLGELMEQG FVAPIPAGYQ LSANANAVLA TIQGLESGQQ
151 ITVLRNAVVD MGFTAGKDGK RIAEPVVPPQ DTASRTKVSI EGVTNATVLN
201 YMDNLNANDF DTLIELFTSD GALQPPFQRP IVGKENVLRF FREECQNLKL
251 IPERGVTEPA EDGFTQIKVT GKVQTPWFGG NVGMNIAWRF LLNPEGKIFF
301 VAIDLLASPK ELLNFAVHHH HHH

Example V8-E protease digest coverage:

1 MPFTIDSARG IFPNTLAADV VPATIARFSQ LNAEDQLALI WFAYLEMGKT

51 LTIAAPGAAS MQLAENALKE IQAMGPLQQT QAMCDLANRA DTPLCRTYAS
101 WSPNIKLGFW YRLGELMEQG FVAPIPAGYQ LSANANAVLA TIQGLESGQQ
151 ITVLRNAVVD MGFTAGKDGK RIAEPVVPPQ DTASRTKVSI EGVTNATVLN
201 YMDNLNANDF DTLIELFTSD GALQPPFQRP IVGKENVLRF FREECQNLKL
251 IPERGVTEPA EDGFTQIKVT GKVQTPWFGG NVGMNIAWRF LLNPEGKIFF
301 VAIDLLASPK ELLNFAVHHH HHH



Use XRF to Probe Carotenoid

Protein Interactions in OCP-R

 In OCPO-to OCPR
conversion we propose
that the carotenoid
protein interactions
change

* XRF can test this
hypothesis: are solvent

accessibilities the same
in RCP and OCPR?
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Distribution of

, RCP (N-term domain) and Carotenoid Binding NTF2 (C-term domain) ORFs

in Cyanobacteria

Gloeobacter violaceus PCC 7421
Synechococcus sp. PCC 7336
Synechococcus sp. JA-2-3B
Synechococcus sp. JA-3-3Ab
Pseudanabaena sp. PCC 7367
Pseudanabaena sp. PCC 7429
Pseudanabaena sp. PCC 6802
Synechococcus sp. PCC 7502
Acaryochloris sp CCMEE 5410
Acaryochloris marina MBIC11017
Cyanothece sp. PCC 7425
Sznechococcus sp. PCC 6312
Thermosynechococcus elongatus BP-1
Leptolyngbya sp. PCC 6306
Geitlerinema sp. PCC 7407
Leptolyngbya sp. PCC 7375
Synechococcus sp. PCC 7335
Leptolyngbya sp. PCC 7104
Leptolyngbya sp. PCC 6406
Prochlorothrix hollandica PCC 9006
Synechococcus elongatus PCC 6301
Synechococcus elongatus PCC 7942
Cyanobium sp. PCC 7001
Cyanobium gracile PCC 6307
Synechococcus sp. CB0101
Synechococcus sp. CB0205
Synechococcus sp. WH5701
Synechococcus sp. RS9917
Synechococcus sp. RS9916
Synechococcus sp. WH 8016
Prochlorococcus sp. CC9311
Prochlorococcus sp. WH 7803
Synechococcus sp. WH7805
Prochlorococcus sp. CC9902
Synechococcus sp. BL107
Synechococcus sp. WH 8109
Prochlorococcus sp. CC9605
Prochlorococcus sp. WH8102
Prochlorococcus marinus MIT 9303
Prochlorococcus marinus MIT 9313
Prochlorococcus marinus marinus CCMP1375
Prochlorococcus marinus MIT 9211
Prochlorococcus marinus MIT 9312
Prochlorococcus marinus MIT9202
Prochlorococcus marinus MIT 9215
Prochlorococcus marinus MIT 9301
Prochlorococcus marinus AS9601
Prochlorococcus marinus MIT 9515
Prochlorococcus marinus pastoris CCMP1986
Prochlorococcus marinus NATL1A
Prochlorococcus marinus NATL2A
Synechococcus sp. RCC307
Geitlerinema sp. PCC 7105
Chamaesiphon sp. PCC 6605
Crinalium epipsammum PCC 9333
Microcoleus sp. PCC 7113
Microcoleus chthonoplastes PCC 7420
Lyngbya majuscula 3L

Cyanobacterium sp. PCC 10605
Geminocystis herdmanii PCC 6308
Cyanobacterium stanieri PCC 7202
Leptolynghya sp. PCC 7376
Synechococcus sp. PCC 7002
Gloeocapsa sp. PCC 73106
Prochloron didemni
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Cyanothece sp. PCC 7424
Cyanothece sp. PCC 7822
Microcystis aeruginosa PCC 7806
Microcystis aeruginosa NIES-843

Synechocystis sp. PCC 6803
Cyanothece sp. PCC 8801
Cyanothece sp. PCC 8802
Crocosphaera watsonii WH 8501
Crocosghaera watsonii WH 0003
Cyanothece sp. BH68, ATCC 51142
Cyanothece sp. BH63E, ATCC 51472
Cyanothece sp. CCY 0110
cyanobacterium UCYN-A

Spirulina major PCC 6313
Spirulina sp. PCC 9445

Halothece sp. PCC 7418
Dactylococcopsis salina PCC 8305

Gloeocapsa sp. PCC 7428
Synechocystis sp. PCC 7509
Rivularia sp. PCC 7116

Tolypothrix sp. PCC 9009

Nostoc punctiforme PCC 73102
Microchaete sp. PCC 7126
Calothrix sp. PCC 7507

Nodularia spumigena CCY9414
Nostoc azollae 0708
Cylindrospermopsis raciborskii CS-505
Raphidiopsis brookii D9
Anabaena sp. PCC 7108

Anabaena cylindrica PCC 7122
Cylindrospermum stagnale PCC 7417
Nostoc sp. PCC 7107

Anabaena variabilis ATCC 29413
Nostoc sp. PCC 7120

Nostoc sp. PCC 7524
Mastigocladopsis repens MORA, PCC 10914
Chlorogloeopsis sp. PCC 7702
Fischerella sp. JSC-11

Fischerella sp. PCC 9339
Fischerella sp. PCC 9605

Calothrix sp. PCC 6303

Calothrix sp. PCC 7103
Oscillatoria acuminata PCC 6304
Oscillatoria sp. PCC 10802
Oscillatoria sp. PCC 6407
Oscillatoria sp. PCC 6506
Microcoleus vaginatus FGP-2
Oscillatoria sp. PCC 7112
Arthrospira maxima CS-328
Arthrospira sp. PCC 8005
Arthrospira platensis NIES-39
Arthrospira platensis Paraca
Lyngbya sp. CCY 8106
Trichodesmium erythraeum IMS101
Fischerella sp. PCC 9431
Arthrospira platensis C1
Cyanobacterium sp JSC-1
Dolichospermum circinale ACBU02
Oscillatoriales sp. JSC-12
Synechococcus sp. CC9616

Kerfeld and Kirilovsky, Photochemistry and Photobiology, 2013
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Using XRF to Compare Pigment
Protein Interactions

e Comparison of OCPR to isolated N-terminal
domains (aka RCP)

* In both, the active quenching form shows
similar, specific changes in carotenoid protein
Interactions



Modules in Cyanobacterial
Photosynthesis




Summary

 XRF allows interrogation of short-lived
structural state in a photoactive protein

 Next steps are to probe protein-protein
interactions involved in energy dissipation

* Implications for engineering photoprotection
in production strains of cyanobacteria
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