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Dynamic Nuclear Polarization Provides New Insights into
Chromophore Structure in Phytochrome Photoreceptors
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Abstract: Phytochromes are red/far-red photochromic photo-
receptors acting as master regulators of development in higher
plants, thereby controlling transcription of about 20 % of their
genes. Light-induced isomerization of the bilin chromophore
leads to large rearrangements in protein structure, whereby the
role of protonation dynamics and charge distribution is of
particular interest. To help unravel the inherent mechanisms,
we present two-dimensional dynamic nuclear polarization
(DNP) enhanced solid-state magic-angle spinning (MAS)
NMR spectra of the functional sensory module of the
cyanobacterial phytochrome Cphl. To this end, the pyrrole
ring nitrogen signals were assigned unequivocally, enabling us
to locate the positive charge of the phycocyanobilin (PCB)
chromophore. To help analyze proton exchange pathways, the
proximity of PCB ring nitrogen atoms and functionally
relevant H,O molecules was also determined. Our study
demonstrates the value of DNP in biological solid-state MAS
NMR spectroscopy.

P hytochromes are red/far-red photochromic biliprotein
photoreceptors, in plants regulating about 20% of all genes
and thereby mediating fundamental effects of light on
development such as germination, de-etiolation and flower-
ing."! The cyanobacterial phytochrome Cphl is a valuable
model for structure/functional studies of the family, its PAS-
GAF-PHY sensory module (CphlA2) having been investi-
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gated by X-ray crystallography (Figure 1),”! conventional
solution and solid-state magic-angle-spinning (MAS)
NMR ®# infrared, and Raman spectroscopy.”! X-ray crystal-
lography has provided structures of both the Pr and Pfr states
in various phytochromes.”®! In conjunction with spectroscop-
ic methods, it was found that ring D of the bilin chromophore
rotates at the beginning of the photocycle,***"! leading to
changes in the protonation states of the pyrrole nitrogen
atoms prior to Pfr formation (Figure 1b)."l Open questions
include the localization of the positive charge on the
chromophore and the protonation dynamics associated with
the four pyrrole nitrogen atoms,*** information that can be
provided by solid-state NMR spectroscopy. In particular, the
charge distribution is potentially accessible from analysis of

Figure 1. a) Cph1A2 (pdb: 2VEA) consists of a N-terminal region
(purple), the PAS (light blue), GAF (gray) and PHY (dark blue)
domains. b) The bilin is covalently bound via a thioether link to
Cys 259. The geometry is ZZZssa as Pr. c) The chromophore is
coordinated with six H,O molecules (blue spheres) in the binding
pocket. Nitrogen atoms are depicted in blue, carbon in cyan, and
oxygen in red.
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chemical shifts and the chemical shift aniso-
tropy of the pyrrole nitrogen resonances in (a)
conjunction with QM/MM calculations.””? Site-
specific proton exchange rates provide infor-
mation about protonation dynamics. In pre-
vious NMR studies of Cphl1A2, the nitrogen N o N
resonances were not unambiguously assigned NN
because of the low signal-to-noise ratio (S/ "° OH €= 388 MW on
N). [l bcTol MW off

To resolve the S/N issue, we apply here 200 150 100 50 0
dynamic nuclear polarization (DNP) enhanced <« §(3C) / ppm
MAS NMR spectroscopy to Cph1A2 reconsti- tor7 177" 18/17‘ R, P 122/131 Gl 81,171
tuted with u-[°C,""N]-PCB. It has been shown (C) d )] < S ¢
in previou§ studies of photo—acFive proteirils \%ﬁ 19/11§/17 \
that applying DNP can be crucial to obtain 12912"+ 8¥/g" 8/8?12/112/2 8
further insights into their function.'” The 5 12712
recently introduced biradical bcTol (Fig-
ure 2a) is used for our DNP-enhanced MAS
NMR studies, profiting from its high solubility
in aqueous solutions."!! We determined the
enhancement (&; Figure 2b) as an approxima-
tion of the improvement in S/N, keeping in
mind that paramagnetic relaxation enhance- 4,15+ 16/15% w= T
ment (PRE) and depolarization effects can gio2rg 0¥ 110
additionally influence sensitivity measure- < 4
ments.'”? At 100 K, the carbonyl, aliphatic
and aromatic *C signals of u-[*C,"”’N]-PCB in
CphlA2 showed an ¢=38+8. The resolved
signals of the three methine carbons (C5, C10,
and C15) and the nitrogen signals indicate
moderate homogeneous and heterogeneous
line broadening, with 120-150 Hz observed
linewidths after subtracting scalar couplings
involved (see the Supporting Information). In
DNP-enhanced MAS NMR spectroscopy,
deceleration of motional processes at around
100 K may lead to heterogeneously broadened
NMR lines,™ whereas homogenous line
broadening is caused by short distances
between the analyte and the radical through
PRE effects.'"” In case of PCB in Cph1A2, the
small number of possible rotations around
single bonds may help to minimize heteroge-
neous broadening whereas the protein around
the chromophore protects from homogeneous
broadening through PRE effects. A 2D ®C-"C
dipolar assisted rotational resonance (DARR)
spectrum was recorded as a reference (Fig- Figure 2. a) bcTol was used as a polarizing agent. b) An enhancement of e=38+8 at
ure 2¢) and the assignment of the *C spectrum 100 K was deter.rriined. c) P}N]Ps-enhanc?d 3C.C solid-state MAS NMR spec]t:un]q3 wi]tsh

. . . 25 ms DARR mixing of u-[">C,””N]-PCB in Cph1A2 Pr. d) 2D DNP-enhanced ""N-"C-°C
obtained earlier by .MatySﬂ( and co-workers solid-state MAS NMR spectrum of u-[*C,"*N]-PCB in Cph1A2. The blue lines indicate
was mapped onto this SpeCtrum'HbYM] the sequential connection of the '°N resonances via methine carbon atoms C5, C10, and

In order to assign the signals of the four C15. The cross peaks in solid circles correspond to natural abundance signals of the
nitrogen atoms in PCB, we recorded a two- protein background. The signals in dashed circles are discussed in the text.
dimensional "N-"C-"C correlation spectrum
(Figure 2d). Now, with the improved S/N
provided by DNP, a spectrum with all expected relayed '"*Ca (40-60 ppm) chemical shifts (solid circles), presumably
cross peaks could be obtained. Some natural abundance due to a constructive superposition of some of the 514
signals of CphlA2 shine through at the typical protein  residues. Three "“N-C cross peaks with low intensity
backbone N (115-130 ppm) and “CO (170-180 ppm) or  potentially due to another PCB form were identified
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(dashed circles) perhaps resulting from a small proportion
(<5%) of Pfr in the sample. The Pfr form may occur because
of a short, accidental exposure to light during sample handling
(see the Supporting Information). An unequivocal assign-
ment of the N signals was achieved by making use of
correlations involving the carbonyl signals of C19 and Cl1
(Figure 1b), and of cross peaks to the methine carbons C5,
C10 and C15 (see also the Supporting Information). Rings A
and D are distinguished by correlations involving the aliphatic
sites in ring A, and the sequential walk between them,
correlating N21, N22, N23 and N24 via the methine carbons is
indicated in Figure 2d.

The chromophore carries a positive charge whose local-
ization could not yet be demonstrated experimentally and
which is supposedly delocalized within the aromatic/polyene
system. In PCB, the structural symmetry between the similar
rings B and C is generally reflected in almost identical *C
chemical shifts.[*") In contrast, distinctly different °N chemical
shifts were observed (Figure 2d and 3). The signal of N22 in

N21N23  N22 N24
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Figure 3. a) Interactions between >N and 'H in u-[*C,”*N]-PCB in Cph1A2

monitored by DNP-enhanced 'H-"°N solid-state MAS NMR spectroscopy. Cross
peaks from natural abundance amide groups are annotated in blue. b) Structural
view on the potential hydrogen-bonding networks in the chromophore binding
pocket and >N chemical shifts of the pyrrole nitrogen atoms (pdb 2VEA). The

positive charge is mainly localized at ring B in Pr.
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ring B may serve as an indication of charge distribution, since
it is shifted upfield by 10.6 ppm compared to the signal of N23
originating from ring C. The more drastic upfield shift of N24
in ring D by 26.7 ppm compared to its structural equivalent
N21 in ring A can be explained by the difference in chemical
structure of the two rings and the large hydrogen bond
network to which N24 is connected. Furthermore, N21 is close
to the negatively charged counter-ion Asp 207, consistent with
an additional downfield shift. Taken together, our experi-
mental data suggest that in the Pr state the positive charge is
somewhat stronger localized at ring B, since the resonance of
a positively charged and protonated nitrogen nucleus gen-
erally shows an upfield shift of about 10 ppm compared to the
neutral case.’”’ QM/MM calculations of the PCB nitrogen
chemical shifts, however, are in agreement with a delocaliza-
tion of the positive charge between rings B and C in the Pr
state (see the Supporting Information). Test calculations also
suggest that the chemical shift difference between N22 and
N23 is not due to interactions with the pyrrole water, but is
strongly depending on the geometry (see the Support-
ing Information). In summary, a considerable fraction
of the positive charge we assume to be delocalized
between rings B and C in the Pr state (Figure 1).
Earlier studies suggested that the positive charge is
located at N24 in the Pfr state.”! Consequently, the
positive charge must move from rings B and C to N24
in the Pr—Pfr transition. In the back-reaction, it
returns to them, enabled through changes in the
hydrogen-bonding networks involving N24, Asp207,
Arg472 and H,O molecules. "%

Interactions between water protons and the chro-
mophore nitrogens of CphlA2 were monitored by
DNP enhanced 'H-"N correlation spectroscopy (Fig-
ure 3a). The spectrum contains strong cross peaks of
the cofactor nitrogen atoms and their directly bound
protons (see labeled cross peaks) as well as a substan-
tial number of signals resulting from natural abun-
dance "N nuclei in amide groups of the protein
backbone (N 110-130 ppm and 'H 6-11 ppm, respec-
tively). Some of the cross peaks between the four
pyrrole nitrogen nuclei and protons at around 5.5-
7 ppm 'H chemical shift may originate from protons at
the methine carbons C5, C10 and C15. Of particular
interest are the correlations between nitrogen nuclei
and protons at the water frequency. A qualitative
analysis of spectra with different cross polarization
contact times allowed the interaction of the N22 and
N24 nitrogen spins with protons of neighboring H,O
molecules to be estimated (see the Supporting Infor-
mation). Compared to the corresponding N22/H,O
signal, the cross peak between H,O and N24 strength-
ens faster and reaches a higher maximum intensity as
seen in the DNP enhanced 'H-"N spectrum. This
correlates with a higher density of H,O molecules in
vicinity to N24 than in the case of N22 in agreement
with the X-ray structure (Figure 1c¢). Here, three H,O
molecules are located close to N24 whereas only one
can contribute to a N22/H,0O cross peak. Both
distances between N22 or N24 and the closest water

« 8('H) / ppm
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molecules are the same (3.2 A) as suggested by the crystal
structure. "’

In conclusion, with the help of DNP we were able to
assign the “C and "N NMR signals of PCB in CphlA2
unequivocally (Figure 3b). By means of chemical shift
comparison, our measurements imply that the positive
charge carried by the chromophore is mainly localized at
ring B. Chemical shift calculations reveal a more compre-
hensive view and suggest the delocalization of charge to
include ring C. In addition, we could detect interactions to
functionally relevant H,O molecules. The assignment of the
nitrogen resonances is thus a fundamental step for NMR
studies elucidating the mechanism of phytochrome molecular
action since they mediate protonation and charge dynamics
and subsequent structural changes during the photocycle.

Acknowledgements

We acknowledge funding from the Deutsche Forschungsge-
meinschaft: H.O. and M.-A.G. via the SFB 1078 (Projects B1
and C3); J.H. and J.M. through the research grants HU 702/8
and MA 4972/6-2, respectively.

Keywords: chromophores - dynamic nuclear polarization -
NMR spectroscopy - photochemistry - phytochromes

How to cite: Angew. Chem. Int. Ed. 2016, 55, 16017-16020
Angew. Chem. 2016, 128, 16251-16254

[1] a) L. Ma, J. Li, L. Qu, J. Hager, Z. Chen, H. Zhao, X. W. Deng,
Plant Cell 2001, 13, 2589-2607; b) J. M. Tepperman, T. Zhu,
H. S. Chang, X. Wang, P. H. Quail, Proc. Natl. Acad. Sci. USA
2001, 98, 9437 -9442.

a) J. Mailliet, G. Psakis, K. Feilke, V. Sineshchekov, L.-O. Essen,

J. Hughes, J. Mol. Biol. 2011, 413, 115-127; b) L.-O. Essen, J.

Mailliet, J. Hughes, Proc. Natl. Acad. Sci. USA 2008, 105, 14709 -

14714.

a) H. M. Strauss, J. Hughes, P. Schmieder, Biochemistry 2005, 44,

8244-8250; b) J.J. van Thor, M. Mackeen, I. Kuprov, R. A.

Dwek, M. R. Wormald, Biophys. J. 2006, 91, 1811-1822; ¢) J.

Hahn, H. M. Strauss, P. Schmieder, J. Am. Chem. Soc. 2008, 130,

11170-11178; d) M. Rében, J. Hahn, E. Klein, T. Lamparter, G.

Psakis, J. Hughes, P. Schmieder, ChemPhysChem 2010, 11, 1248 -

1257.

a) T. Rohmer, H. Strauss, J. Hughes, H. de Groot, W. Girtner, P.

Schmieder, J. Matysik, J. Phys. Chem. B 2006, 110,20580-20585;

b) T. Rohmer, C. Lang, J. Hughes, L.-O. Essen, W. Girtner, J.

Matysik, Proc. Natl. Acad. Sci. USA 2008, 105, 15229-15234;

¢) T. Rohmer, C. Lang, C. Bongards, K.B.S.S. Gupta, J.

Neugebauer, J. Hughes, W. Girtner, J. Matysik, J. Am. Chem.

Soc. 2010, 132, 4431-4437; d) C. Song, G. Psakis, C. Lang, J.

Mailliet, W. Gértner, J. Hughes, J. Matysik, Proc. Natl. Acad. Sci.

USA 2011, 108, 3842 -3847.

[5] a) K. Heyne, J. Herbst, D. Stehlik, B. Esteban, T. Lamparter, J.
Hughes, R. Diller, Biophys. J. 2002, 82, 1004-1016; b)J. J.
van Thor, N. Fisher, P. R. Rich, J. Phys. Chem. B 2005, 109,
20597 -20604; c) L. J. G. W. van Wilderen, I. P. Clark, M. Towrie,
J. J. van Thor, J. Phys. Chem. B 2009, 113,16354-16364;d) A. E.
Fitzpatrick, C.N. Lincoln, L.J. G. W. van Wilderen, J.J. van

2

—_—

3

—

(4

—_—

Thor, J. Phys. Chem. B 2012, 116, 1077-1088; ¢) Y. Yang, M.
Linke, T. von Haimberger, J. Hahn, R. Matute, L. Gonzélez, P.
Schmieder, K. Heyne, J. Am. Chem. Soc. 2012, 134, 1408 - 1411;
f) Y. Yang, M. Linke, T. von Haimberger, R. Matute, L.
Gonzalez, P. Schmieder, K. Heyne, Struct. Dyn. 2014, I,
014701; g) Y. Yang, K. Heyne, R. A. Mathies, J. Dasgupta,
ChemPhysChem 2016, 17, 369-374.

[6] a) X. Yang, J. Kuk, K. Moftat, Proc. Natl. Acad. Sci. USA 2008,
105,14715-14720; b) X. Yang, Z. Ren, J. Kuk, K. Moffat, Nature
2011, 479, 428-432; c) X. Yang, E. A. Stojkovi¢, W. B. Ozar-
owski, J. Kuk, E. Davydova, K. Moffat, Structure 2015, 23, 1179 -
1189; d) H. Takala, A. Bjorling, O. Berntsson, H. Lehtivuori, S.
Niebling, M. Hoernke, I. Kosheleva, R. Henning, A. Menzel,
J. A. Thalainen, S. Westenhoff, Nature 2014, 509, 245-248;
e) E. S. Burgie, A. N. Bussell, J. M. Walker, K. Dubiel, R. D.
Vierstra, Proc. Natl. Acad. Sci. USA 2014, 111, 10179-10184;
f) E. S. Burgie, T. Wang, A. N. Bussell, J. M. Walker, H. Li, R. D.
Vierstra, J. Biol. Chem. 2014, 289, 24573 -24587; g) E. S. Burgie,
J. Zhang, R.D. Vierstra, Structure 2016, 24, 448-457; h)S.
Nagano, P. Scheerer, K. Zubow, N. Michael, K. Inomata, T.
Lamparter, N. KrauB3, J. Biol. Chem. 2016.

[7] C. Song, G. Psakis, J. Kopycki, C. Lang, J. Matysik, J. Hughes, J.
Biol. Chem. 2014, 289, 2552 -2562.

[8] C.Song, T. Rohmer, M. Tiersch, J. Zaanen, J. Hughes, J. Matysik,
Photochem. Photobiol. 2013, 89, 259-273.

[9] a) W. W. Bachovchin, W. Y. Wong, S. Farr-Jones, A. B. Shenvi,
C. A. Kettner, Biochemistry 1988, 27, 7689-7697; b) A. Pandit,
F. Buda, A.J. van Gammeren, S. Ganapathy, H. J. M. de Groot,
J. Phys. Chem. B 2010, 114, 6207-6215; c) A. J. van Gammeren,
F. Buda, F. B. Hulsbergen, S. Kiihne, J. G. Hollander, T. A.
Egorova-Zachernyuk, N. J. Fraser, R. J. Cogdell, H. J. M. de G-
root, J. Am. Chem. Soc. 2005, 127, 3213-3219; d) S. I. E. Touw,
H. J. M. de Groot, F. Buda, J. Phys. Chem. B 2004, 108, 13560 —
13572.

[10] a) M. L. Mak-Jurkauskas, V.S. Bajaj, M.K. Hornstein, M.
Belenky, R. G. Griffin, J. Herzfeld, Proc. Natl. Acad. Sci. USA
2008, 705, 883-888; b) V. S. Bajaj, M. L. Mak-Jurkauskas, M.
Belenky, J. Herzfeld, R. G. Griffin, Proc. Natl. Acad. Sci. USA
2009, 106, 9244-9249; ¢) V. S. Bajaj, M. L. Mak-Jurkauskas, M.
Belenky, J. Herzfeld, R. G. Griffin, J. Magn. Reson. 2010, 202,9 -
13;d) S. Bruun, D. Stoeppler, A. Keidel, U. Kuhlmann, M. Luck,
A. Diehl, M. A. Geiger, D. Woodmansee, D. Trauner, P.
Hegemann, etal., Biochemistry 2015, 54, 5389-5400; e) J.
Becker-Baldus, C. Bamann, K. Saxena, H. Gustmann, L.J.
Brown, R. C. D. Brown, C. Reiter, E. Bamberg, J. Wachtveitl, H.
Schwalbe, et al., Proc. Natl. Acad. Sci. USA 2015, 112, 9896—
9901.

[11] A. P Jagtap, M. A. Geiger, D. Stoppler, M. Orwick-Rydmark, H.
Oschkinat, S. T. Sigurdsson, Chem. Commun. 2016, 1-4.

[12] a) K. R. Thurber, R. Tycko, J. Chem. Phys. 2014, 140, 184201;
b) F. Mentink-Vigier, S. Paul, D. Lee, A. Feintuch, S. Hediger, S.
Vega, G. De Paépe, Phys. Chem. Chem. Phys. 2015, 17, 21824 —
21836.

[13] A.H. Linden, W. T. Franks, U. Akbey, S. Lange, B.-J. van Ros-
sum, H. Oschkinat, J. Biomol. NMR 2011, 51, 283-292.

[14] a) K. Takegoshi, S. Nakamura, T. Terao, Chem. Phys. Lett. 2001,
344, 631-637; b) K. Takegoshi, S. Nakamura, T. Terao, J. Chem.
Phys. 2003, 118, 2325.

Manuscript received: August 19, 2016
Revised: September 30, 2016
Final Article published: November 23, 2016

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angew. Chem. Int. Ed. 2016, 55, 16017-16020


http://dx.doi.org/10.1105/tpc.13.12.2589
http://dx.doi.org/10.1073/pnas.161300998
http://dx.doi.org/10.1073/pnas.161300998
http://dx.doi.org/10.1016/j.jmb.2011.08.023
http://dx.doi.org/10.1073/pnas.0806477105
http://dx.doi.org/10.1073/pnas.0806477105
http://dx.doi.org/10.1021/bi050457r
http://dx.doi.org/10.1021/bi050457r
http://dx.doi.org/10.1529/biophysj.106.084335
http://dx.doi.org/10.1021/ja8031086
http://dx.doi.org/10.1021/ja8031086
http://dx.doi.org/10.1002/cphc.200900897
http://dx.doi.org/10.1002/cphc.200900897
http://dx.doi.org/10.1021/jp062454+
http://dx.doi.org/10.1073/pnas.0805696105
http://dx.doi.org/10.1021/ja9108616
http://dx.doi.org/10.1021/ja9108616
http://dx.doi.org/10.1073/pnas.1013377108
http://dx.doi.org/10.1073/pnas.1013377108
http://dx.doi.org/10.1016/S0006-3495(02)75460-X
http://dx.doi.org/10.1021/jp052323t
http://dx.doi.org/10.1021/jp052323t
http://dx.doi.org/10.1021/jp9038539
http://dx.doi.org/10.1021/jp206298n
http://dx.doi.org/10.1021/ja209413d
http://dx.doi.org/10.1063/1.4865233
http://dx.doi.org/10.1063/1.4865233
http://dx.doi.org/10.1002/cphc.201501073
http://dx.doi.org/10.1073/pnas.0806718105
http://dx.doi.org/10.1073/pnas.0806718105
http://dx.doi.org/10.1038/nature10506
http://dx.doi.org/10.1038/nature10506
http://dx.doi.org/10.1016/j.str.2015.04.022
http://dx.doi.org/10.1016/j.str.2015.04.022
http://dx.doi.org/10.1038/nature13310
http://dx.doi.org/10.1073/pnas.1403096111
http://dx.doi.org/10.1074/jbc.M114.571661
http://dx.doi.org/10.1016/j.str.2016.01.001
http://dx.doi.org/10.1074/jbc.M113.520031
http://dx.doi.org/10.1074/jbc.M113.520031
http://dx.doi.org/10.1111/php.12029
http://dx.doi.org/10.1021/bi00420a018
http://dx.doi.org/10.1021/jp100688u
http://dx.doi.org/10.1021/ja044215a
http://dx.doi.org/10.1021/jp048734b
http://dx.doi.org/10.1021/jp048734b
http://dx.doi.org/10.1073/pnas.0706156105
http://dx.doi.org/10.1073/pnas.0706156105
http://dx.doi.org/10.1073/pnas.0900908106
http://dx.doi.org/10.1073/pnas.0900908106
http://dx.doi.org/10.1016/j.jmr.2009.09.005
http://dx.doi.org/10.1016/j.jmr.2009.09.005
http://dx.doi.org/10.1021/acs.biochem.5b00597
http://dx.doi.org/10.1073/pnas.1507713112
http://dx.doi.org/10.1073/pnas.1507713112
http://dx.doi.org/10.1063/1.4874341
http://dx.doi.org/10.1039/C5CP03457D
http://dx.doi.org/10.1039/C5CP03457D
http://dx.doi.org/10.1007/s10858-011-9535-z
http://dx.doi.org/10.1016/S0009-2614(01)00791-6
http://dx.doi.org/10.1016/S0009-2614(01)00791-6
http://dx.doi.org/10.1063/1.1534105
http://dx.doi.org/10.1063/1.1534105
http://www.angewandte.org

