Supporting Information

Color Hues in Red Fluorescent Proteins Are Due tonternal Quadratic Stark

Effect

Mikhail DrobizheV}, Shane Till4, Nikolay S. Makaro¥, Thomas E. Hughés
Aleksander Rebané

!Department of Physics afBepartment of Cell Biology and Neuroscience, Moatan

State University, Bozeman, MT 59717, USA

% National Institute of Chemical Physics and BioptssTallinn, EE 12618, Estonia

Methods

The DNA encoding the mREPfruit fluorescent proteifis(generous gifts from Roger
Tsien, UC San Diego), and tagRRRere positioned in the pRSET plasmid (Invitrogen,
Carlsbad CA) such that a fusion protein is produegith an N-terminal 6xHis tag.
Transformed E. Coli (T7 express pLysY, New Engl&ialabs) were grown at 3T to
an optical density of 0.5 at 600 nm, followed by @ induction and growth for eight
hours at room temperature. Cells were lysed (Bugbuslovagen) and affinity purified
with Ni-NTA His Bind resin (Novagen). The proteingere eluted with 250 mM
imidazole (pH 8). All samples were studied at phivBijle mCherry was studied at both
pH 8 and pH 11.2.

The methods of measurement of chromophore condemtraxtinction, 2PA
spectra, and cross sections are described in detdjl. Briefly, to measure
chromophore extinction in solution we use the 8leic-Berg (S-B) equatiorl). This

approach makes it possible to find the peak extinatoefficienten(S-B) of only



mature chromophore in properly folded protein. Theomophore concentration was

then obtained using Lambert-Beer law.

Two-photon absorption measurements were carrieyusing a relative
fluorescence method with femtosecond excitatig) (Rhodamine B in methanol was

used as a standarg) (

Evaluation ofAp was based on the formula relating 2PA cross sediidhe
lowest $—S; 0 - 0 transitiong,(0 - 0), withAp and maximum 1PA extinction
coefficientg0-0) ). If all intermediate electronic states are lymgch higher in
energy than § and also have small transition dipole momentsieoting them to &
one can restrict the sum-over-states descriptidwofphoton tensor to only two
intermediate states, groufdand final two-photon excited stat€3-11). This two-level
approximation will result in the appearance ofthange of permanent dipole moments

between $and $, A= 14 — L, in the expression far, (in cn' s) 3,7-11):
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Hereh is the Planck’s constart,s the speed of lightya is the Avogadro numben,is

the refractive index of the medium £ 1.33). Equation (1) implies linear polarization
of two laser photons of the same frequendin Hz) and takes into account the space-
averaging of 2PA tensor. In (Jgis the transition dipole moment (in vacuum) between
states §oand S, (i.e. electronic transition dipole moment times square root of the
Franck-Condon factor of the 0-0 transitiop)s the angle between vectdxg andy,

fopt is the local field factor at optical frequengy2y) is the 2PA line shape function in



(Hz"), normalized such thaf g(2v)d(2v) =1. The integration in the last formula is

—00

carried over the 0-0,0S~ S, transition. Functiog(2v) describes the line broadening,
which we assume to be the same for one- and twimptabsorption.

To obtain|A,u| , we can re-write (1) in terms of the maximum 2Réss section
in the 0-0 pealo»(0-0), maximum 1PA extinction coefficie@{(0— 0), and the central
frequency of this transitioir,_, (in cm). By using a straightforward relation between
|,u|2and £(0-0), which takes into account the local field correct{see e.g.1Q)):
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substituting (2) into (1), and solving (1) with pest to|Az{ we obtain (cf. 8)):
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Fig 1S (a). One-photon fluorescence excitationif@®fvith multi-Gaussian fits

for mCherry, mTangerine, and mStrawberry.
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Fig 1S (b). One-photon fluorescence excitationi@®fvith multi-Gaussian fits for

mCherry at pH11.2, mRFP, and mPlum.
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Fig 1S (c). One-photon fluorescence excitationif@efwith multi-Gaussian fits

for mBanana, tdTomato, and DsRed?2.



Figs 1S (a)-(c) show the corrected (to the spetttahsity distribution of
excitation monochromator) and calibrated (to thectijal position of excitation

monochromator) fluorescence excitation spectraoftain thei/,_, and £(0- 0)values,

these spectra were fitted to a sum of 5-7 Gaussidresattempts to fit the spectra with
4 Gaussians gave unsatisfactory results (with laygeematic deviations). In each case,
we first tried to fit the spectrum with 5 Gaussiankis was done by fixing the Gaussian
widthsw; (i = 1, 2, ..5) of all components equal to one paldicvaluew. Then then

value was systematically varied to get the minimyfrof the total multi-Gaussian fit. If
after this procedure the systematic deviation$effit (especially in the high-frequency
region) still remained, the number of Gaussians wa®ased subsequently to 6 or 7
and the routine was repeated to obtain the miningtifihe final multi-Gaussian fits
(where allw; =w) are shown in Figs. S1 (a)-(c) with the red liNete that in most cases
the obtained distribution of peaks (shown with gréees) corresponds well to two
Franck-Condon progressions, built on two main oftaréstic modes with similar (for

all proteins) Franck-Condon factors and similagfrencies. Also note that the 0-0
(lowest-frequency) transition is the dominant traos in all cases and therefore its
frequency and amplitude are well defined. The ass&nt of this transition to 0-0 (in
terms of vibronic excitation) is further supporteghole burning spectroscopy of
DsRed presented i1 8). In other proteins, this assignment also holdsabse of their

spectra are quite similar in shape. We estimaterian in position ofy,_, to be + 50
cm® (~ 2 nm). Thes(0- 0)value was obtained from the above fits by compaifireg

amplitude of the lowest frequency Gaussian peak thi¢ known valuen.x at the



spectral maximum. In all case$0—- 0) constitutes 0.89 — 0.96 efa The main error
of measurement of(0— 0)comes from determination ef,.x and constitutes ~15%.

Note, however, that the measuremenhpfis not sensitive to the errorsgdp.x because

the experimentally determinerd(0-0) depends linearly on the measus6 - 0), but
the formula (1) foAp involves the fractiomw,(0-0)/£(0— 0). Also note thaf\u is

calculated as square root of a combination of nredsparameters, includirap(0-0),
see (1). Out of these parameters, the largestisroontributed by,(0-0), which is ~
20%. Therefore our estimation of experimental eimdk, due to a random error of

0,(0-0) is of the order of 10%.

The choice of local field factor and refractiveléx inside the protein particle,
entering (3), is a little bit arbitrary. We seleét= 1.8 i = 1.33), giving for the Lorentz

local field factorfop = (n*+2)/3 = 1.27. (Simple analysis of functibyp ’In shows that

the systematic error ih&/,llo| , Which can arise as a result of erroniis less than 3%

whenn is allowed to vary in a maximum reasonable rangepetween 1.33 and 1.5).

The angley betweemp and the $—S; transition dipole moment was obtained
by measuring the 2PA isotropic polarization r&¥e- 62,i/c2 in, Whereojin is the 2PA
cross section measured with linear (vertical) ppédion of excitation and fluorescence
analyser set 54°vith respect to the polarization of the excitatiight; o ¢ is the 2PA
cross section obtained with circular polarizatidexcitation and fluorescence analyser
set 35.8 with respect to the polarization plane of the &tin light (L4). In the two-

level approximation employed he@,and yare related through the following equation

(15):



_ cosy+ 3
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For all the proteins we obtaingd: 0°. If experimental errors were considered, the
maximum possiblg’could be ~ 2§ which contributed less than 10% to the figl
value. These estimations are in good agreementthétsmall anglg’= 13 obtained

for wt-DsRed using Stark effect spectroscop§) (

An additional, systematic, error in determinimgf0-0), and, consequentlfu, can
emerge from selecting a particular method of fiftihe 2PA spectrum. We have
attempted several models (methods of fitting) tecdbe the 2PA spectra. In all these
methods the frequency of the 0-0 transition wasatiowved to vary and was fixed equal
to thev,_, value obtained from 1PA data (see above).

Method 1 (Fig. 1 of the main text)Tlhe main part ofhe 2PA spectrum was fitted
with two Gaussians with fixed,_, and all other parameters free. In the case of
mCherry at pH11.2, an ambiguity in tbog0-0) value was rather large becaus-0)
depended strongly on how to select the upper freguimit in the fitting procedure. In
this case, we have chosen an avemf@-0), obtained from a set of values, emerging
from a variation of the upper frequency limit. Tiesulting spread io,(0-0) values was
not larger than 30%, translating into 15% variatioAp.

Method 2. The whole 2PA band, corresponding to the-@&1 transition was
fitted with 3 Gaussians. Only,_, was fixed. The results are shown in Fig. 2S.

Method 3. The main part ofhe 2PA spectrum was fitted with two Gaussians with

both V,_, and transition widthv; fixed and equal to the numbers obtained from 1PA

fits. Other parameters were free.
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Method 4. The whole 2PA band, corresponding to the-SS, transition was
fitted with 3 Gaussians. Both, , andw; were fixed (as in Method 3). Other parameters
were free.

Method 5. The whole 2PA band, corresponding to the-SS, transition was

fitted to 3-7 Gaussians, all with the same widthsfixed, and equal to the widtk

obtained from 1PA spectr&, , was also fixed as in methods 1 - 4.
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Fig. 2S. 3-Gaussian fits to the 2PA spectra witkdiposition of the 0-0 transition

(lowest-frequency peak), corresponding to Method 2.

Using methods 1 - 5, th®,(0-0) values were extracted afdd values calculated,
according to (1). Finally, the plots, similar tgFR were produced and presented in Fig

3S. The second order polynomial fits are showretmh method.
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Fig. 3S. The dependence of the 0-0 transition gni@igtained from 1PA spectra)
onAp (obtained from 2PA cross sections in the 0-0 iteomsmaximum). Different
symbols correspond to different methods of fittliRA spectra. The proteins with
crystallographically solved structures are highteghin red circles. All of the Fruits
proteins with the same chromophore structure atedgscribed by the model, while

mOrange, whose chromophore structure is differ&nt (s not.

As one can see, in all cases the data points foot@ins group around the parabola
obtained with method 1 (black line) and discussetthé main text. The largest
deviations from the fits are observed for tdTomaken using Methods 2 and 4 (i.e. 3-
Gaussians fits). Table 1S presents the paramdtére second order polynomial fits for

all 5 methods with the corresponding statisticalgsis. The results of the fits, obtained
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with methods 2 and 4, but excluding tdTomato (tatahber of points = 8), are also
presented and provide an improvement of correlataefficients, compared to the fits
which use all 9 points. As one can seen from tH#elahe estimated correlation
coefficient of the parabolic dependence is alwaygdr than 0.8 and P-value smaller
than 4% and, in most cases, P < 1%. For each praba different fitting methods

produceAp values that vary by less than 30%.

Table S1. Statistical analysis of the data obtausigldl second-order polynomial

fits of the v, , versusAp dependences, shown in Fig. 3S.

Method | Number | R SD P A B C Ao | Adg

# of points =V D) | (AY
(cm™)

1 9 0.998 | 32.9 | <0.000119383|-2287|524 |4.36 |-19
+77 |[£69 |£14 |+ +0.5

0.18

2 9 0.894 | 272 0.0080f 19107#1891|422 |45 -24
+ 667 | 572 | £110 | +1.8 | +6

2 8 0.983 | 115 0.0002| 197892626| 590 |4.45 |-17
+308 [£277|£56 |+ +1.6

0.63

3 9 0.949 193 0.0010] 193112217|511 |4.3 -19.6
+496 |£457|+£92 |+£1.2 |£3.5

4 9 0.810 | 357 0.0405] 186481484| 348 |4 -29
+904 | £794 | £ 3 +13

154

4 8 0.945 | 208 0.0038| 198822783|639 |4.4 -16
+630 [£589| +£121 | +1.2 | +3

5 9 0.900 | 265 0.0069| 188401379|265 |5 -38
+623 |[+444 | +£71 | +£2 +10

5 8 0.975 141 0.0005] 1933%1832|355 |5 -28
+352 | £261 | +44 | £1 +3.5

R is the correlation coefficient, P is the P-vathewing the probability of the absence
of correlation with the given correlation coeffiote SD — standard deviation, A, B, and
C are the coefficients of parabola, Al andAag are the chromophore parameters
defined in the text.
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