
Unique interactions between the
chromophore and glutamate
16 lead to far-red emission in
a red fluorescent protein

Xiaokun Shu,1 Lei Wang,2 Leslie Colip,1 Karen Kallio,1

and S. James Remington1*

1Department of Physics, Institute of Molecular Biology, University of Oregon, Eugene, Oregon 97403
2Departments of Pharmacology and Chemistry, Howard Hughes Medical Institute,
University of California at San Diego, La Jolla, California 92093

Received 14 October 2008; Revised 2 December 2008; Accepted 3 December 2008
DOI: 10.1002/pro.66
Published online 11 January 2009 proteinscience.org

Abstract: mPlum is a far-red fluorescent protein with emission maximum at ~650 nm and was

derived by directed evolution from DsRed. Two residues near the chromophore, Glu16 and Ile65,

were previously revealed to be indispensable for the far-red emission. Ultrafast time-resolved
fluorescence emission studies revealed a time dependent shift in the emission maximum, initially

about 625 nm, to about 650 nm over a period of 500 ps. This observation was attributed to rapid

reorganization of the residues solvating the chromophore within mPlum. Here, the crystal structure
of mPlum is described and compared with those of two blue shifted mutants mPlum-E16Q and -

I65L. The results suggest that both the identity and precise orientation of residue 16, which forms

a unique hydrogen bond with the chromophore, are required for far-red emission. Both the far-red
emission and the time dependent shift in emission maximum are proposed to result from the

interaction between the chromophore and Glu16. Our findings suggest that significant red shifts

might be achieved in other fluorescent proteins using the strategy that led to the discovery of
mPlum.
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dynamic stokes shift

Introduction
Far-red fluorescent proteins (FPs) hold great promise

in whole-body imaging since the principle light

absorbers in tissue, that is hemoglobin, water and lip-

ids, have the lowest combined absorption coefficient in

the near-infrared region around 650–900 nm (the so-

called NIR window).1 So far, three far-red fluorescent

proteins have been discovered, all with emission maxi-

mum (kmax
em ) of �650 nm: HcRed (kmax

em ¼ 645 nm),2

aeFP595 AQ143 (kmax
em ¼ 655 nm) 3 and mPlum (kmax

em

¼ 649 nm).4 Of these, only mPlum is monomeric and

it also exhibits the highest quantum yield, about 0.10.

It is generally accepted that the diversity of emis-

sion maxima in fluorescent proteins results from a

combination of two different mechanisms: chemical
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modifications to the chromophore structure and influ-

ences due to the immediate environment of the chro-

mophore. On the basis of the chemical structures, the

existing fluorescent proteins can be divided into two

groups. Cyan and green fluorescent proteins contain a

chromophore chemically identical to that of GFP5

while yellow, orange, and red emission results from

additional modifications to the polypeptide backbone

adjacent to a GFP-like chromophore.6–14 In DsRed,

the peptide bond immediately preceding the chromo-

phore is oxidized to an acylimine; consequently the

conjugation of the chromophore extends over the poly-

peptide backbone, increasing both the excitation and

emission maxima relative to GFP.6,7 zRFP57414 and

eqFP611 contain a DsRed-like chromophore although

in the latter case, the chromophore adopts a trans

conformation instead of the more typical cis confor-

mation.9 In Kaede and EosFP, light-driven backbone

cleavage results in extension of the conjugation of a

GFP-like chromophore to the imidazole ring of the

histidine in the chromophore-forming tripeptide, lead-

ing to a green to red shift in emission.8,10,13

Further modifications to the acylimine of a

DsRed-like chromophore also occur in several fluores-

cent proteins. In the ‘‘kindling fluorescent protein’’

(KFP), hydrolysis of the acylimine linkage was pro-

posed, resulting in backbone cleavage and the intro-

duction of a new carbonyl group conjugated with the

chromophore.11 In mOrange, the attack of c-hydroxyl
group of Thr66 upon the carbonyl carbon of Phe65

results in a novel five-membered 2-hydroxy dihydroox-

azole ring, forming a three-ring chromophore.12 This

has been suggested to reduce the conjugation of the

Phe65 carbonyl with the rest of the chromophore,

thereby accounting for the orange emission. Similar

modifications also occur in a natural orange fluores-

cent protein named mKO (-CYG- chromophore),15 and

possibly to CcalOFP1 (-TYG- chromophore).16 Like-

wise, the yellow fluorescent protein zFP538 (kmax
em ¼

538 nm) undergoes a similar rearrangement to form a

tetrahydropyridine ring, due to attack of the Ne of Lys

66 on the acylimine a-carbon.17

Changes in the chromophore environment can

perturb emission maxima by up to �20 nm. An im-

portant example is the yellow fluorescent protein YFP

(GFP-T203Y variant) in which the side chain of

Tyr203 stacks against the phenol moiety of the chro-

mophore, red-shifting both the excitation and emission

maxima.18,19 Another example is mCherry, in which

the protonated Glu215 carboxyl group forms a hydro-

gen bond with the imidazolinone ring nitrogen. At pH

>10.5, deprotonation of Glu215 is proposed to account

for the blue shift in the emission maximum from 609

nm to 594 nm.12

mPlum is a red fluorescent protein (QY ¼ 0.10),

created through directed evolution of a monomeric

DsRed variant (mRFP1.2) using somatic hypermuta-

tion (SHM).4 Saturation mutagenesis of mPlum previ-

ously revealed that Glu16 and Ile65 are both important

for the far-red emission, as a blue shift of 20–40 nm

in the emission maximum results when either side

chain is modified.4 It has not been reported whether

similar residues are important for the far-red emission

in HcRed and aeFP595 AQ143.

Abbyad et al. 20 conducted ultrafast time-resolved

fluorescence emission studies on mPlum and its pro-

genitors, which revealed a time dependent red shift in

the emission maximum, initially about 625 nm, to

about 650 nm over a period of 500 ps. As the temper-

ature is lowered from RT both the initial and final

emission maxima shift to the blue but the dynamic

component is observed at all temperatures above the

glass transition. This dynamic Stokes shift, which is

absent from the parents DsRed and mRFP, was attrib-

uted to rapid reorganization of the residues solvating

the chromophore within mPlum. Thus, the red emis-

sion of mPlum seems to depend in part on dynamic

processes that have so far not been observed or ana-

lyzed in previously studied fluorescent proteins.

We initiated crystallographic studies of mPlum in

the hopes of determining the structural basis for both

the time-independent and time-dependent compo-

nents of the far-red emission. Here, we report crystal

structures of mPlum and its blue shifted variants E16Q

and I65L. The results suggest that a unique interaction

between the chromophore and Glu16 is responsible for

the dynamic Stokes shift.

Results

Temperature-dependent spectroscopy

The spectroscopic properties of mPlum and its var-

iants E16Q, E16L, and I65L were measured at temper-

atures between room and 77 K. All variants exhibit

similar excitation maxima at about 590 nm. However,

their emission maxima are substantially different

(Table I). At room temperature, mPlum has an emis-

sion peak at �650 nm, E16Q at 630 nm, I65L at 625

nm, and E16L at 620 nm. Therefore, substitution of

Glu16 or Ile65 has a significant effect on the emission,

consistent with earlier results.4

Table I. Spectroscopic Properties of mPlum
and Selected Variants

Protein

Excitation
maximum

(nm)

Emission
maxima

(298 K/77 K)

mPlum 590 649/621
E16Q 590 630/608
E16H 588 619/600
E16L 588 618/598
E16I/H17La N.A. 615/N.A.
E16V/H17Ta N.A. 617/N.A.
E16G/H17Ya N.A. 626/N.A.
E16S/H17Va N.A. 626/N.A.

a These values are from Ref. 4. The dependence of emission
peak on residue 17 is negligible.N.A., not available.
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Upon temperature decrease to 77 K, all variants

exhibit a blue shift of �20–30 nm in emission maxi-

mum, an effect that is significantly larger than seen in

GFP (<10 nm blue shift).21 In more detail, mPlum

gives the largest blue shift and its emission spectrum

at 77 K is unstructured and rather broad, comparable

with that observed at room temperature [Fig. 1(A)].

On the other hand, the emission spectrum of E16L is

significantly narrowed and appears structured at 77 K

[Fig. 1(B)]. The E16Q and I65L spectra at 77 K are in-

termediate in structure to those of mPlum and E16L at

77 K (data not shown).

Structural studies
mPlum (a mixture of mature and immature species,

separated mature and immature species)20 and two

blue shifted mPlum variants E16Q and I65L (purified

mature form for each) were crystallized and the struc-

tures determined by molecular replacement at various

resolutions in the range 1.34–1.9 Å using radiation

from synchrotron and home sources. The space group

is P212121 in all cases and there are two molecules in

the asymmetric unit. The final atomic models have

excellent statistics (See supp. info. Supp. Table S1).

The final electron density map of mPlum suggests that

chain A and B contain an immature and mature chro-

mophore, respectively. When an attempt is made to

restrain the geometry of the chromophore in chain A

as appropriate for the mature species containing an

acylimine, large peaks are revealed adjacent to the

chromophore in the (Fo-Fc) difference electron density

map (data not shown). We concluded that the asym-

metric unit of the mPlum crystal contains a hetero-

dimer of a mature and immature chain. This is

consistent with the fact that the physical properties of

the mature and immature species are sufficiently dif-

ferent that they can be separated by ion exchange

chromatography.20

The final (2Fo-Fc) electron density maps for

mPlum (mature species in chain B), E16Q and I65L

variants (Fig. 2) clearly indicate that Met66 Ca adopts

sp2 geometry. Therefore, the peptide bond between

Ile65 and Met66 is oxidized to an acylimine as found

for the parent DsRed6,7,22 and the closely related pro-

teins mCherry and mStrawberry.12 The peptide bond

between Ile65 and Met66 is in the cis configuration

for all mature species (Fig. 2), with the carbonyl car-

bon inclined at �55� from the approximate plane of

the remainder of the chromophore.

In mPlum, the chromophore environment (Supp.

info. Fig. S1) is substantially more hydrophobic than

that of DsRed and is similar to that found in other

mFruits.12 The increased hydrophobicity results from

replacement of the internal polar residues Lys83 and

Lys163 with bulky nonpolar groups, and the possible

protonation of Glu215 (see later). Compared with

Figure 1. Fluorescence spectra of mPlum and E16L variant. (A) Excitation (dashed lines) and emission (solid lines) spectra of

mPlum at room (298 K, red) and low (77 K, blue) temperature. (B) Excitation (dashed) and emission (solid) spectra of mPlum-

E16L variant at room (298 K, red) and low (77 K, blue) temperature.

Figure 2. Stereoview of portions of the final (2Fo-Fc)

electron density maps. (A) mPlum, (B) E16Q, and (C) I65L

variants. Maps are contoured at 1r level. Atoms of the

chromophore are shown in stick representation with

nitrogen blue, sulfur yellow, and oxygen red. Note that I65

in panel B has two conformations (A and B).
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DsRed, the K163M mutation leads to the loss of the

hydrogen bond and electrostatic interaction between

Lys163 and chromophore phenol oxygen, which pre-

sumably results in the charge redistribution of the

chromophore.

A substantial shift in the position of Lys70 (3.5 Å)

takes place in mPlum compared with DsRed [Fig.

3(A)], which results in the loss of a salt bridge between

Lys70 and Glu215 observed in DsRed. This shift can

be ascribed to the K83L mutation in mPlum, which

eliminates the potential repulsive electrostatic interac-

tion between Lys70 and Lys83 found in DsRed. The

new conformation of Lys70 is stabilized through

hydrogen bonding and attractive electrostatic interac-

tions with Glu148 (Supp. info. Fig. S1). A similar con-

formational change of Lys70 is apparent in the E16Q

and I65L variants (data not shown) and other mFruits,

as well as in the parent DsRed variant K83M.12

The universally conserved Glu215 in mPlum

rotates �90� in v3 and forms a hydrogen bond with

the imidazolinone ring nitrogen [N2, Fig. 3(A)], com-

pared with DsRed. This conformational change of

Glu215 is also observed in the E16Q and I65L mutants

and other red-shifted mFruits.12 In mPlum and its var-

iants, Glu215 is, thus, believed to be protonated and to

donate a proton to the chromophore N2.

Similar chromophore environmental changes,

including conformational rearrangement of Lys70 and

Glu215, have previously been argued and to some

extent demonstrated to account for red shifts in

mCherry and closely related proteins, compared with

the progenitor DsRed.12 Thus, we propose that that

the time-independent emission red shift of mPlum can

also be ascribed to these modifications.

However, other details of the chromophore envi-

ronment are unique to mPlum. As identified by muta-

genesis, Glu16 is a key residue and replaces Val16

found in DsRed and all other mFruits. The side chain

of Glu16 is buried inside the protein and its carboxyl

group forms a hydrogen bond with the acylimine oxy-

gen of Ile65 [Fig. 2(A)]. This is the first instance in

which an interaction with the acylimine oxygen has

been reported for any red fluorescent protein. The

unique hydrogen bond between the carboxylate of

Glu16 and the acylimine oxygen in mature mPlum

(chain B) was refined to have length 2.5 Å. A similar

but somewhat longer hydrogen bond (2.7 Å) also exists

in chain A of mPlum containing the immature

chromophore.

The crystal structure of mature E16Q reveals that

the NH2 group of Gln16 also forms a hydrogen bond

with the acylimine carbonyl of Ile65 [Fig. 2(B)]. This

hydrogen bond was refined to have length 2.8 Å. The

side chain of Gln16 rotates �70� in v3, compared with

Glu16 in mPlum (in both chain A and B) [Fig. 3(B)],

so that the carboxylate and amino groups are arranged

at roughly right angles to each other. This rearrange-

ment may be related to disorder in the side chain con-

formation of Ile65 in the mature E16Q variant [Fig.

2(B)], which is observed in the electron density map

to have at least two conformations. In mPlum, Ile65 is

apparently restricted to a single conformation, the

same in each independent chain.

Mutagenesis demonstrated that Ile65 is also a

key residue for the far-red emission of mPlum. In the

blue shifted mPlum I65L variant, the carboxyl group

of Glu16 still forms a hydrogen bond (2.7 Å) with the

carbonyl of Ile65 [Fig. 2(C)]. However, in I65L Glu16

rotates about 150� in v1 and 30� in v3, compared

with mPlum [Fig. 3(C)]. Interestingly, as shown in

Figure 3(B,C), the carboxyl group of Glu16 in I65L,

as well as the Gln16 in E16Q is roughly parallel to

the chromophore plane, whereas in mPlum the car-

boxyl moiety is perpendicular to the chromophore

plane.

Discussion

Saturation mutagenesis of mPlum had demonstrated

that the combination of Glu16 and Ile65 is indispensa-

ble for far-red emission at about 650 nm.4 Replace-

ment of either group results in a blue shift in emission

of 25–35 nm. The derived variants can be divided into

two groups based on their emission maxima: �615

and �625 nm (for convenience, the emission

Figure 3. Stereo images of chromophore environment

comparison. The mPlum model (purple) is superposed onto

(A) DsRed (orange), (B) mPlum E16Q (green), (C) mPlum

I65L variant (orange), respectively. Note that in panel (B)

Ile65 of E16Q variant shows two conformations. Hydrogen

bonds are shown in dashed lines, labeled with approximate

lengths in angstroms.
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properties are summarized in Table 1). In the Glu16

derived variants, the 615 nm group contains variants

with residues incapable of forming a hydrogen bond

with the acylimine oxygen, for example, the E16I and

E16V variants. On the other hand, the 625 nm group

includes mutants with residues capable of forming a

hydrogen bond with the acylimine oxygen directly (e.g.

the E16Q variant) or possibly indirectly through a bur-

ied water molecule (e.g. the E16G and E16S variants).

In the Ile65-derived variants, the I65H mutant has

emission maximum less than 610 nm while the others

emit at about 625 nm. We chose E16Q and I65L var-

iants as representatives for the 625 nm group and

E16L for representative of the 615 nm group, to study

the interactions responsible for the far-red emission of

mPlum. Excitation spectra of mPlum and these repre-

sentative mutants indicate that they share the same

excitation maximum. In the following, we will argue

that reorientation of the unique hydrogen bond

between Glu16 and the chromophore is largely respon-

sible for the dynamic Stokes shift.

Temperature dependence
Although all FPs studied show blue shifts in emission

at low T, at 77 K mPlum exhibits a much larger Stokes

shift (�30 nm) than observed for E16L (�10 nm). The

E16Q variant shows an intermediate Stokes shift of

�20 nm at 77 K. Furthermore, at 77 K the excitation

and emission spectra of E16L show considerable struc-

ture, indicative of a distribution of reasonably well-

defined states, that is largely absent from the mPlum

spectrum. These data suggest that even at very low

temperature, significant solvent reorganization takes

place during the excited state in mPlum, but not in

the E16L variant. However, as evidenced by the E16Q

mutant, the nature of the hydrogen bond (i.e. whether

the proton could in principle be transferred), is clearly

important for far-red emission. In the following, we

will argue that both the type and precise orientation of

the Glu16 hydrogen bond is critical for emission at

650 nm.

Unique hydrogen bond

The crystal structure of mPlum reveals a unique

hydrogen bond between Glu16 and the acylimine oxy-

gen of the chromophore. No similar hydrogen bond

has previously been observed or reported in the other

red fluorescent proteins such as eqFP611,9 HcRed,23

DsRed,6,7 zRFP574,14 and other mFruits.12 Indeed, the

residue corresponding to Glu16 in mPlum is hydro-

phobic in all known red fluorescent proteins, that is

valine, leucine, isoleucine, and phenolalanine. This is

also the case for the more recently derived far-red flu-

orescent proteins mKate (kem ¼ 635 nm)24 and

RFP639 (kem ¼ 639 nm).24 As the proton acceptor is

conjugated with the rest of the chromophore, it is rea-

sonable to assume that the interaction is capable of

significantly affecting the electronic configuration of

the chromophore. Furthermore, it has long been estab-

lished that hydrogen bonds are directional interactions

so that the details of distance and orientation could

have important consequences for excitation and emis-

sion spectra.

In the Leu16 variant, formation of a similar

hydrogen bond is not possible, and model building

suggests that a water molecule would neither be read-

ily accommodated nor have its hydrogen bond require-

ments satisfied in the available volume. Indeed, none

is seen in other structures (such as DsRed) where yet

smaller valine is found in the 16 position. However,

such a bound water molecule could possibly be found

in certain mPlum variants for example, if Glu16 were

replaced by a smaller polar residue (e.g. glycine,

serine).

Structural rearrangements in mPlum/I65L

Mere formation of a hydrogen bond between the side

chain at position 16 and the acylimine can only partly

explain the far-red emission of mPlum, as glutamine is

unable to substitute completely for glutamatic acid. A

structural comparison between mPlum and the I65L

variant revealed that although the hydrogen bond is

maintained, the carboxyl group of Glu16 is reoriented

by about 90� due to a steric clash between the two

side chains. Interestingly, the new conformation of

Glu16 closely resembles that of Gln16 in the E16Q mu-

tant. This strongly suggests that Ile65 is important for

the far-red emission in that it permits or helps main-

tain a specific, strong interaction between of Glu16

and the acylimine oxygen in the excited state. The pro-

posed role of Ile65 is consistent with the fact that all

Ile65-derived mutants but I65H have approximately

the same emission maximum. Interpretation of the

I65H result must necessarily await structural studies.

On the basis of these observations, we propose

that the dynamic Stokes shift of mPlum is largely

caused by the conformational relaxation of Glu16 after

the chromophore is excited, which lowers the excited

state energy of the chromophore. Furthermore, we

propose that the observed �500 ps time constant for

the emission shift in mPlum is primarily due to the

structural rearrangement of Glu16, rather than a

change in the hydrogen-bonding interaction (e.g. pro-

ton transfer), which would likely take place on a much

faster time scale.

Of course, these data do not rule out the possibil-

ity that the new conformation might facilitate the

rapid formation of a different type of hydrogen bond

in the excited state, such as a ‘‘strong’’ or ‘‘low barrier’’

hydrogen bond.25 It is generally accepted that upon

excitation, n–p* charge transfer takes place from the

phenol moiety toward the imidazolinone moiety,26,27

which increases the polarity of the carbonyl at position

65 and would thus strengthen the hydrogen-bonding

interaction with Glu16. It has been shown experimen-

tally that hydrogen-bonding interactions between a

464 PROTEINSCIENCE.ORG Far-Red Emission and Unique Chromophore Interactions



solute and solvent can induce a red shift of the solute.

For example, a positive solvatochromic shift was

observed for an aminobenzodifuranone derivative

(ABF) in hexamethylphosphoramide (HMPA), which

was explained by a hydrogen bond between the solvent

HMPA and the solute ABF, stabilizing the excited state

of the solute relative to the ground state.28

In summary, we propose that the large Stokes

shift in mPlum results from the presence of and

strengthening of the Glu16-chromophore hydrogen

bond interaction in the excited state, which stabilizes

the excited state of the chromophore relative to the

ground state. As glutamine cannot fully substitute for

glutamic acid, the possibility of proton transfer

between Glu16 and the chromophore in the excited

state remains an open question. Finally, since other

far-red fluorescent proteins studied to date do not

seem to exhibit an interaction comparable with the

Glu16-chromophore hydrogen bond in mPlum, intro-

duction of such an interaction in those proteins might

lead to further red shifts in the emission maxima.

Materials and Methods

Mutagenesis, protein expression,

and crystallization
Protein was expressed in E. coli (Top10) by use of the

pBAD His tagged expression system (Invitrogen).4 Mu-

tagenesis was performed using the QuikChange

method (Stratagene). Protein was purified by Ni2þ

affinity chromatography over Ni-NTA agarose (Qiagen,

Chatsworth, CA) and then buffer exchanged with PD-

10 Sephadex columns (Amersham Pharmacia) into

50 mM HEPES (pH 7.9). Mature and immature

mPlum mutants were separated by ion exchange chro-

matography using cationic column (Hi Load 16/10 SP

Sepharose) and pH-gradient method with 50 mM

citric acid at pH 5.0 and 6.0 (7.0 for mPlum E16L).

Crystals of mPlum, mature E16Q, and I65L mutants,

were all obtained by hanging drop vapor diffusion: 2

lL protein solution (�25 mg/mL) with 2 lL well solu-

tion (200 mM NaCl, 100 mM Tris pH 8.5, 30% PEG

3400) after one week.

Spectroscopy
Protein samples were diluted to 44 lg/mL in 2 mL

100 mM HEPES pH 8.1. Temperature-dependent fluo-

rescence spectra were taken with a Fluorolog spectro-

fluorimeter (Spex Industries, Edison, NJ). For low

temperature (77 K) measurements, protein samples

were diluted in 1 mL phosphate-buffered saline con-

taining 50% glycerol, transferred to a quartz tube, and

immersed in a Dewar filled with liquid nitrogen.

Absorbance spectra (400 lg/mL protein in the same

buffers) were recorded with a HP 8453 UV–vis

spectrophotometer.

Data collection and structure solution
Diffraction data sets were collected from single flash-

frozen crystals of mature and immature mPlum and

mature E16Q mutant (100 K) using ADSC-Q315 detec-

tor on beam line 8.2.2 at the Advanced Light Source

(Berkeley, CA). Data were reduced using HKL2000

(HKL Research) or d*TREK (Rigaku). Molecular

replacement was performed with EPMR29 using the

DsRed A chain (PDB entry 1G7K) as a search model,

providing unambiguous identification of the space

group and unique solutions to the rotation and trans-

lation problems. Rigid body refinement was performed

using TNT30 and model building was conducted with

Coot31 in several stages of increasing resolution. The

chromophore entries for the TNT geometry library was

derived using the program AM4 as described.7 Shelx-

9732 was used in the final stages of refinement. The

linkages among backbone nitrogen and alpha carbon

of Met66 and carbonyl carbon of Ile65, were unre-

strained from the beginning of refinement with Shelx-

97.

Statistics of data collection and refinement for the

atomic models are presented in the Table S1 (Supp.

Info.). No electron density is apparent for residues 1–5

and 223–236 for all proteins, indicating disorder.

PROCHECK33 reveals that there are no residues in ei-

ther the disallowed or ‘‘generously allowed’’ regions of

the Ramachandran diagram. Upon superposition of a-
carbons with the A subunit of the parent protein

DsRed rms deviations for either of two chains of all

three proteins is 0.4 Å. The models of all proteins are

thus remarkably similar to that of DsRed although

there is dramatic change in quaternary structure: from

tetrameric to monomeric, consistent with results of

other mFruits.12
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