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Supplementary Table S1. The literature results of quantum calculations of An for the p-
hydroxybenzylidene-2,3-dimethyl-imidazolinone (HBDI") and its analogs: p-hydroxybenzylidene-
imidazolinone (HBI'), p-hydroxybenzylidene-2-methyl-imidazolinone (HBMI’), and p-
hydroxybenzylidene-2-methyl-imidazolinone-3-acetate (HBMIA") in vacuum, in water, and in GFP
surrounding.

Chromophore | Environment | lapl | A, [ An, | Method | Reference
VACUUM
HBI vacuum 1.0 + CASPT2//[CASSCF 1
HBI vacuum 0.9 + CASSCF-(16,14)* 2
HBI vacuum 1.7 MS-MRPT?2 3
HBI vacuum 4.2 + CASSCF-(12,11) 2
HBDI vacuum 431 430 |0.22 | ZINDO This work
HBDI vacuum 2.0 + CASPT2 4
HBDI vacuum 1.7 + CASSCF-(16,14)* 2
HBDI vacuum 1.6 + CcC2 5
HBDI vacuum 2.3 + SORCI 5
HBDI vacuum 15 + OM2/MRCI 5
HBDI vacuum 1.2 LC-BLYP 2
HBDI vacuum 4.4 + CASSCF-(12,11) 2
HBDI vacuum 2.8 DFT/BLYP 2
HBDI vacuum 1.7 B3LYP 2
HBDI vacuum 1.2 CAM-B3LYP 2
HBDI vacuum 2.7 + TD-PBE 5
HBDI vacuum 1.7 + TD-B3LYP 5
HBMI vacuum 2.15 2.11 | 0.43 | SAC-CI//B3LYP 6
HBDI vacuum 2.0 + CASSCF-(12/11)/6-31G* | 7
HBMIA vacuum 2.93 + CASPT2 4
HBMIA vacuum 1.93 + TD-DFT 8
HBDI vacuum 2.34 + ZINDO 9
HBDI vacuum 2.87 + BLYP 10
HBI vacuum 1.5 CASSCF-(12,11) 2
HBDI’ vacuum 1.4 CASSCF-(14,13) 2
HBDI’ vacuum 0.7 MP2/cc-pVDZ (ground) 11
CIS/6-31G* (excited)
HBI vacuum 3.5 OM2/PERTCI 12
WATER
HBDI | liquid D,0 + NaOD | 6.5 | | | experiment | This work




HBDI water 8.6 + CASSCF-(12/11)/6- 7
31G*+PCM (implicit,
PCM)
HBI water 6.6 + CASPT2/CASSCF/CHAR | 13
MM (explicit 701 waters +
Na")
HBDI water 6.3 CASPT2 (Monte Carlo 4
explicit 857 waters)
PROTEIN
EGFP- EGFP 35 experiment This work
chromophore
wt-GFP GFP B form 6.8/f experiment 14
chromophore f=11-18 15
Au=3.8-6.2
same GFP S65T 7.0/f experiment 14
f=11-1.8 15
Au=3.9-6.4
same GFP_I_form 4.3 + CASPT2/CASSCF/CHAR | 13
MM
same GFP_B_form 5.4 + CASPT2/CASSCF/CHAR | 13
MM
same (LEMG (S65T) with | 5.0 CASSCF-(12,11) 2
T65S back and
protonated Glu222)
same (LEMG (S65T) with | 5.8 + CASSCF-(16,14) 2
T65S back and
protonated Glu222)
same same 2.6 DFT/BLYP 2
same same 1.5 B3LYP 2
same same 2.0 CAM-B3LYP 2
same same 2.8 LC-BLYP 2
same 1W7S with the 0.6 - TD-PBE 5
proton transferered
from Tyr66 to
Glu222 and
reorienting Thr203 to
H-bond with
chromophore
same same 0.5 + TD-B3LYP 5
same same 3.8 + CC2 5
same same 4.6 + SORCI 5
same same 5.1 + OM2/MRCI 5

Sign + in the Az column designates the calculated positive direction of A, i.e. from imidazolinone
center to phenol center, sign — designates an opposite direction.




Supplementary Table S2. Experimental and theoretical values of the change of polarizability Aa (main
component of the tensor) of the model GFP chromophores (abbreviations of chemical structures are the
same as in Tablel).

Chromophore | Environment Aoy geometry Method Reference
A3
GFP series extrapolated to | -35 in proteins Experiment This work
vacuum

HBDI vacuum -13 Optimized with DFT- | ZINDO (for p;) 9
B3LYP/6-31G Gaussian03

HBMIA vacuum -22 6-31G+(d,p) DFT and CIS 8

Gaussian03

HBDI vacuum -7.8 optimized without DFT cam- This work
field B31LYP/6-31G*

HBDI- vacuum -12 optimized without DFT m11/6-31G* | This work
field

HBDI- vacuum -9.0 optimized without DFT M062X/6- This work
field 31G*

HBDI- vacuum -17 optimized for each DFT M062X/6- This work
field 31G*

HBDI- vacuum -49 optimized for each ZINDO This work
field and calculated
atAu=2.7D

HBDI 20TB HB- -12.3 optimized without DFT M062X/6- This work

cluster field 31G* (?)
HBDI vacuum -8.5 optimized in 20TB DFT M062X/6- This work

HB-cluster

31G* (?)




Supplementary Table S3. Experimental parameters for the investigated set of GFP mutants with anionic
chromophore and the model chromophore HBDI" in alkaline D,0O.

Protein €00 Voo c,(0- | A w, Eau E au (e | E ax (Mod)
Miem® | cm™ 0) D cm™ | MV/c | xp) MV/cm
GM m MV/c
m
mTFPO.7 36500 21600 | 31 5.45 580 -8.4 -17.6 -13.2
mTFPO0.8 41900 21090 | 33 5.2 510 -6.3 -154 | -11.6
mTFP0.9 40400 21380 | 31 54 545 -8.0 -17.1 -12.9
mTFP1.0 44100 21170 | 33 5.05 515 -5.0 -14.1 -10.7
G1 67600 20380 |41 45 385 -0.26 |94 -7.3
G3 59800 19920 | 26 3.4 375 9.2 0 -0.61
mWasabi 67050 20060 | 24 3.4 355 9.2 0 -0.61
EGFP 40300 20260 15 500 7.5 -1.7 -3.6
TagGFP2 29900 20460 16 4.3 485 15 -1.7 -7.8
citrine 69000 19340 | 5.0 15 330 25.4 - 1.59
EYFP 48800 19350 | 2.3 1.21 340 27.9 - 3.37
EGFP D117G,V163A | 42070 20110 | 6.7 2.28 410 18.8 9.6 45
EGFP T203I 52250 19680 | 9.2 2.37 305 18 - -3.7
EGFP V163A, Q184R | 42350 20110 | 8.0 2.48 405 17.1 7.9 3.3
EGFP S72G, 49500 19940 |95 2.49 375 17 7.8 3.2
D117G,V163A
EGFP V163A, T203I 52250 19670 11.2 | 2.62 300 15.9 - -5.3
EGFP S72G,T203lI 52300 19700 | 11.8 | 2.69 305 15.3 - -5.7
EGFP 52250 19690 13 2.82 305 14.1 - -6.5
V68M,V163A,T203I
EGFP N121S,V163A | 39050 20100 10.3 | 2.93 415 13.2 4.0 0.55
EGFP V68M 41800 20140 11.3 | 2.97 420 12.9 3.7 0.31
EGFP 42900 20060 11.8 | 2.99 405 12.7 3.5 0.18
D117G,V163A,5202N
V2191
EGFP S72G,V163A 48950 19920 13.8 | 3.02 370 12.4 3.3 0
EGFP V163A 41250 20080 11.8 | 3.05 395 12.2 3 -0.18
EGFP 52250 19690 18.2 | 3.34 305 9.7 - -9.7
Q80R,D117G,V163A,
T203lI
EGFP 52250 19690 | 184 | 3.36 305 9.5 - -90.8
D117G,V163A,T203I
EGFP S72G 46200 19980 17.6 | 3.52 385 8.1 -1.03 -3.1
HBDI in D,O 22420 22590 | 26 6.5 1050 | -17

Parameters of the lowest-frequency vibronic transition: extinction coefficient, gy, maximum
wavenumber, voo, 2PA cross section, c,(0-0), and Gaussian standard deviation, w. Ay is the dipole
moment difference between the states S; and Sy. E,, is the total effective field, E ,, (exp) is the long-
range field evaluated using all experimental paramerters; E’A,, (mod) is the long-range field evaluated
using theoretically calculated Azg and Ac.




Supplementary Table S4. Potentials on the chromophore atoms, calculated as the average during various
MD trajectories. Electrostatic potential is given in V, standard deviations in parentheses. The
chromophore charges were discarded.

mTFP0.7 20TB mTFP1 2HQK EGFP 4EUL EGFP 2YO0G Citrine 3DPW Citrine 1HUY
OH  6.00(0.36) 5.60(0.42) 5.90(0.34) 5.86(0.39) 4.76(0.40) 4.78(0.37)
CZ  4.86(0.28) 4.43(0.32) 4.69(0.27) 4.72(0.32) 3.74(0.31) 3.81(0.30)
CEL  4.26(0.26) 3.77(0.32) 4.06(0.28) 4.30(0.35) 3.40(0.30) 3.43(0.30)
CD1  3.85(0.27) 3.58(0.30) 4.09(0.29) 4.33(0.32) 3.33(0.27) 3.36(0.27)
CG2  3.94(0.26) 3.82(0.29) 4.23(0.29) 4.17(0.31) 3.35(0.25) 3.42(0.25)
CD2  3.85(0.26) 3.74(0.29) 3.94(0.31) 3.71(0.30) 3.07(0.26) 3.19(0.25)
CE2  4.17(0.28) 3.96(0.30) 4.13(0.28) 3.96(0.30) 3.18(0.28) 3.28(0.27)
CB2  3.84(0.26) 3.89(0.28) 4.24(0.30) 4.07(0.32) 3.67(0.26) 3.76(0.25)
CA2  3.64(0.25) 3.68(0.28) 4.30(0.30) 4.06(0.32) 3.85(0.27) 4.00(0.27)
N2 2.95(0.26) 2.94(0.28) 4.25(0.35) 3.97(0.38) 3.85(0.30) 4.14(0.31)
Cl  2.57(0.26) 2.61(0.27) 3.90(0.28) 3.77(0.32) 3.49(0.27) 3.84(0.28)
N3 3.69(0.26) 3.78(0.27) 4.34(0.27) 4.20(0.28) 4.19(0.27) 4.48(0.27)
C2  4.13(0.27) 4.23(0.28) 4.39(0.29) 4.25(0.29) 4.22(0.27) 4.43(0.27)

02 5.36(0.33) 5.48(0.33) 5.17(0.38) 5.12(0.33) 5.14(0.33) 5.29(0.33)



Supplementary Table S5. Potentials on the chromophore atoms, calculated as the average during various
MD trajectories. Electrostatic potential is given in V, standard deviations in parentheses. The
chromophore and hydrogen bonded amino acids (5 for mTFPs and EGFPs and 4 for citrines) charges
were discarded.

mTFP0.7 20TB mTFP1 2HQK EGFP 4EUL EGFP 2Y0G Citrine 3DPW Citrine 1HUY
on 128(027)  0950.32)  143(0.29)  1.33(0.30)  1.41(0.30)  1.37(0.30)
cz 138(0.26)  097(0.29)  1.40(0.27)  132(0.30)  1.25(00.27)  1.30(0.27)
ce1 156(0.26)  1.06(0.32)  1.33(0.29)  0.88(0.28)  1.23(0.28)  1.29(0.27)
cor 1.19(0.26)  0.91(0.30)  143(0.30)  0.68(0.28)  1.11(0.26)  1.18(0.25)
cc2 0.86(0.25)  071(0.29)  1.25(0.31)  1.13(0.30)  0.79(0.24)  0.92(0.23)
cpbz 0.66(0.26)  051(0.28)  0.97(0.33)  1.59(0.32)  056(0.24)  0.72(0.23)
cE2 0.90(0.26)  0.68(0.28)  1.17(0.29)  1.49(0.34)  0.81(0.26)  0.93(0.25)
ce2 0.32(0.25)  0.32(0.28)  0.83(0.31)  0.63(0.30)  0.65(0.24)  0.83(0.23)
caz 021(0.25)  0.21(0.29)  0.89(0.31)  0.61(0.31)  0.79(0.25)  1.03(0.25)
N2 0.22(025)  021(0.29)  1.46(0.36)  1.17(0.38)  1.39(0.30)  1.74(0.30)
c1  -0.02(0.26)  0.01(0.27)  1.21(0.30)  1.05(0.32)  1.07(0.26)  1.42(0.27)
N3 057(0.26)  0.66(0.27)  1.12(0.29)  0.92(0.28)  1.23(0.25)  1.50(0.26)
c2 006(0.25)  0.15(0.26)  0.35(0.29)  0.13(0.27)  0.49(0.25)  0.78(0.24)

o2 -0.11(027)  -0.01(0.27)  -0.01(0.39)  -0.27(0.30)  0.15(0.26)  0.46(0.25)



Supplementary Table S6. Effect of method and basis set on optimization of HBI anion in vacuum.

Method/Basis So-S; So-S; Ap | Apy Ap, Ap, | Oscillator
transition | transition strength
frequency | wavelength
cm? nm

mO06L/6-311+G(2df) 22660 441.30 451 | 448 0.51 0.084 | 1.20

b3lyp/6-311+G(2df) 22672 441.06 454 | 451 | 052 |0.085 |1.20

HF/3-21g 23071 433.45 433 |4.33 0.03 -0.02 | 1.19

b3lyp/6-31g(d) 22494 444,55 430 430 [012 [-0.03 [1.21

m062x/6-31g(d) 22647 441.57 436 |4.30 0.66 011 |1.20

mO06L/6-31g(d), old O 21876 457.12 425 | 4.16 0.88 -0.06 | 1.31

mO06L/6-31g(d) 22526 443.93 437 | 4.37 0.12 -0.03 | 121

FilippiDFT-BLYP-methyls® 22342 447.58 442 |4.38 -060 |0.00 |121

FilippiDFT-BLYP-H ® 22384 446.74 431 |4.30 -0.29 | 0.00 |1.20

® Ref. 2.




Supplementary Table S7. Comparison of Some Cluster Geometries and Optimization Methods

Item | Chromophore Environment A, | Ay, | Ay, |Au ,
D D D D
1 20TB original pdb P: Ser, His, H,0, 295 | 0.78 | 0.06 3.05
coordinates? I: Arg, H,0
5 HBs: hf/3-21g

2 5 HBs: hf/3-21g ° P: Ser, His, H,0, 2.9 0.86 0.02 3.02
I: Arg, H,O

3 5 HBs: m062x/6-31g(d)° | P: Ser, His, H,0, 3.04 | 130| -0.01 3.30
I: Arg, H,O

4 hf/3-21g vacuum, but 2.60 | 0.23 | 0.00 2.61
chromophore
geometry as in 3

5 mO062x/6-31g(d) vacuum, but 295 | 0.19 |0.24 2.97
chromophore
geometry as in 4

6 5 HBs: hf/3-21g" P: Thr, His, H,0, 3.01| 0.83 0.02 3.12
I: Arg, GIn

7 5 HBs: m062x/6-31g(d)® | P: Thr, His, H,0, 282 | 1.10 0.02 3.02
I: Arg, GIn

8 4 HBs: hf/3-21g" P: His, H,O 094 | 0.66 0.04 1.15
I: Arg, H,O

9 4 HBs: m062x/6-31g(d)® | P: His, H,O 164 | 0.72 0.03 1.79
I: Arg, H,O

*No optimizing. Chromophore bonds were adjusted to those of item 2

"Entire cluster + chromophore optimized; Ap calculated with point charge environment
‘Chromophore and waters optimized; non-water cluster frozen; Ap calculated with point charge
environment

YEnvironment point charges as same as item 3 but Q94 inserted in place of H,O near Arg 96
*Chromophore and water optimized; non-water cluster frozen; Au calculated with point charge
environment

'All optimized except His; A calculated with point charge environment

EAll non-chromophore atoms frozen; Ap calculated with point charge environment



Supplementary Discussion.
1. Derivation of Egs. (6)-(10).

For independent experimental evaluation of Azg, and consequently E’ 4, we consider here the effects of
both short- and long-range interactions on the pure-electronic electronic transition frequency (vy.o) of the
chromophore. Our goal is to find a correlation between the two observables: vqoand Az We proceed in
two steps: (1) we first consider the effects of the chromophore structural changes (due to both short- and
long-range electrostatic interactions), and (2) add the electronic contributions to the energy, described in
terms of the Stark shifts (cf. approach in Ref. 16).

The main structural perturbation occurring upon “dressing” the initially bare chromophore with the
electrostatic surrounding involves the change of alternating single and double bond lengths. (Other
degrees of freedom, e.g. twisting with the respect to the bridge bonds, can be disregarded because the
crystallography data demonstrate nearly planar geometry of the chromophore for a representative set of
mutants, i.e. mTFP 0.7, mTFP 1.0, EGFP, and citrine.) To describe the effect of bond length alterantion
guantitatively, we use the two-forms two-states (2F2S) model of resonating forms*®*8, which was recently
adapted to the GFP-type of chromophores in Refs. 19-22. In this model, the molecular state of the
chromophore can be described as a linear combination of the two limiting resonating forms (both with a
definite, but reversed order of single and double bonds). Upon application of the field (either short- or
long-range), the real structure can be continuously tuned from one form, with zero dipole moment, to
another form, with maximum dipole moment. The resulting dipole moment difference, Apiga, is a linear
function of the bond-length alternation parameter, which becomes 0 in the middle of the tuning range (so-
called “cyanine limit”). Therefore, the change of the permanent dipole moment presents a good sensor not
only for a long-range uniform field, but also for the structural changes which can be due to both short-
and long-range interactions.

The 2F2S model predicts the following dependence of optical transition energy, hv g, (subscripts L and R
denote, respectively, left and right parts of the GFP chromophore, connected by a methine bridge) on the
change of dipole moments (A a)°:

1/2
ALl
hv,, =hv,| 1+ BLA , 1
Vs V'( 772M2(1—Au§m/|v|2)j @
where

1 1Y)
hv,=2[ + J )

hv, hvg

is the harmonic mean of the excitation energies of the symmetric parent molecules, i.e. those carrying the
same nucleus on both sides (either two phenol rings or two imidazolinone rings in the case of GFP
chromophore). 7 is the dimensionless parameter whose physical meaning consists in the “screening” of
the charge-transfer transition via redistribution of those electrons clouds which are not directly involved
in the transfer®®. Its typical value varies from 0.5 to 1, Ref. 3. Note that in the simplified version of the



model, i.e. without screening, parameter 7 was considered to be equal to 1, Refs. 18,24. Ineg. (1), M
denotes the diabatic molecular dipole (i.e. obtained by very slow transfer of an electron from one side of
the molecule to another):

M =\ AL, +4418 ©)

where g is the transition dipole moment between the ground and excited states. Parameter Apga IS
defined such that Az A = X M, where is x the bond length alternation (BLA). For simple one-dimensional
polyene molecules, Az a is equal to the observed Ay, and Az a = A = 0 when all C-C bonds of the
chain are of the same length (cyanine limit). Because the GFP chromophore is not as simple as linear
polyene, i.e. having heterogeneous atoms and aromatic rings in the conjugation path, the bond-length
alternation considered at one site of the molecule, e.g. in the methine bridge, is not an ideal
parameter®'®??, This means that observed Az can be non-zero at x = 0. To account for this effect, we
define Aug_a as follows™:

AVIEJAVIAS QAT (4)

where Az is a constant, corresponding to x = 0. Generally, and in the case of GFP in particular, Azlga
<< M2, and therefore, eq. (1) can be simplified to give:

2 2
%hv,zhvljt%hvl. (5)
2n°M 8n°u

hvig =hv, +
Substituting (4) into (5), we finally get the following expression for the dependence of transition energy
on the structural changes, reflected by the permanent dipole difference:

_ 2
(Au= A ) ZA‘f) hv, . (6)

hvg =hv, +
8”1

Our next step is to include the electronic (Stark effect) interaction of the chromophore with the long-range
quasi-uniform field E',,, created predominantly by charged amino acid residues outside of the inner
hydrogen-bonded cluster. Note that we disregard any short-range electronic interactions and possible
changes of the field upon excitation of the chromophore, e.g. through polarizability of surrounding. Since
Apdepends on the field itself, the Stark effect corrections to the Hamiltonian should be considered to the
second order®. Adding the corresponding terms (as a perturbation) to the energies of the ground and
excited states, we obtain instead of (6):

Ap—Ap Y 1
( = 2 ZC) hVI_A/uHBEAy_EAaEiy' (7)

hvig =hv, +
8n°u

To keep only the experimentally observable values, i.e. Axzand hvig, we substitute E,, for Az, using (2)
of the main text, and obtain:



Ap—Aur, ) 1
thR:hV,+( i - 'l;") hv, — (A —Mg) 8
2Ac

8n°u

which can be re-written in a standard form of the second-order polynomial as follows

1 At} 2
hv,,=|0- A —20Au A +| hy, + =18 L SA , 9
R ( ZMJu L AU [ oAy ucj )
where we used a notation & = 2\/ ! 5 - If Ay = const, as it can be expected for a series of proteins with
nH

similar HB-environment, then (9) will present a second order polynomial for the transition frequency as a
function of Ax. Transition to wavenumbers, v =Cv , where c is the speed of light, yields:

2 2
goltls_t A/f——ngﬂc Ap+| v, + At OB, (10)
hc 2Ac hc 2hcAa hce

Equation (10) is the main results of the model, which will be used to describe the experimental data and to
obtain the long-range electric fields. Equation (10) predicts that the optical transition frequency is
described by a second-order polynomial of the dipole moments difference, i.e.

vV =AAF +BAu+C, (12)
where
actls L | (12)
hc 2Aa
g 200 (13)
hc

2 2

C= 17,+AuHB +5A/lC : (14)
2hcAa hc

2. Model parameters.
Taking Aa = - 35 A® from the experiment (see above), we obtain 5= 3.31 x 10% cm™ from eq. (12). Now

E _
using the definition, 0 = 82—'2 and assuming v, = 20,000 cm™, i.e. the value close to the average
nu

transition frequency (see below), and = 6.9 D (average number for a series of mutants, Table 2 of the

main text) we estimate 7 = 0.57, which is close to the theoretical value of 0.49 calculated by Olsen and
McKenzie for the GFP class of chromophores®.



Solving eg. (13) with the known 6, we find Ay = 4.2 £ 0.9 D. By definition, parameter Az corresponds
to the dipole moment difference when the BLA parameter equals to 0. Figure 2 presents the dependence
of the measured Az on the calculated effective BLA parameter, extracted from a principal component
analysis of chromophore structures in a balanced set of HDBI'-containing FPs, including both the red-
shifted YFP and the blue-shifted mTFP0.7%. This BLA parameter is a linear combination of the different
bond lengths with the optimum weights and was calculated? for QM/MM optimized chromophore
structures embedded in the pdb models of YFP (close analogue to citrine), S65T (close analogue to
EGFP) and mTFPO0.7.

The linear correlation between Ay and effective BLA provides the value of Az, = 3.7 £ 0.1 D, which is in
good agreement with the above pure experimental value and will be used in calculation of Azys below.

To obtain Azug, We first use eq. (10) for the free chromophore in vacuum where it has the 0-0 transition
frequency equal tov, . Substituting Ax= Ay, = 4.5 D, and E’, = 0 into (10) we find

E,  o(Au— M)’

hc hc =Y. (15)

where 7, =20,725cm™ was measured using ionization spectroscopy in gas phase®.

Second, we use eg. (14) for the subset of mutants with 5 HBs,

2 2
5+ Aplg N OAL, =C (16)
hc 2hcAa hc

where parameter C is known experimentally. Subtracting (15) from (16) and solving for Az, We arrive
at

Atts =(2hAAa AV + 2070 Apy(Argy — 2012, 17)
where Av =C —v,,=1335 cm™. Substitution of all known parameters, results in Aupg =3.4+0.2D.

3. Evaluation of the cavity radius a and the ground state polarizability ¢ for the HBDI" chromophore in
alkaline water solution

We assume a to be the radius of the sphere in water solution occupying the same volume as does the
cluster of HBDI" with 6 hydrogen-bonded water molecules’. The crystallographic volume of mono-
methylated HBI" chromophore, hydrated with 3 water molecules is V = 310 A%, Ref. 27. Adding the van
der Waals volume of one methane molecule, simulating the second methyl group of HBDI', (37 A%, Ref.
28) and that of 3 extra water molecules (3 x 30 = 90 A®), we obtain V = 437 A% and consequently, a = 4.7
A. To obtain oy, we use the perturbation theory expression for polarizability of state n*:

oy 2y Lol o (18)

0 ~E -E,



where 14 is the transition dipole moment between states g and i, and E; and E, are the energies of the
states i and g, respectively. The absorption spectrum of HBDI" chromophore consists of a single strong
electronic transition, S, — S1, which allows using two-level approximation, involving only the ground (g)
and excited (e) states to obtain:

a, =2———, (19)

where z4 is the Sp — S; transition dipole moment and hv is the corresponding transition energy. The

value was obtained by integrating the absorption spectrum, according to the Strickler-Berg relation

|4
as follows?*:

2 3x10°In10n hCJ- g(A)dA
87N, A

|t , (20)

2
. L . n“+2
where n is the refractive index of the medium, f =

is the Lorentz local field factor, &) is the

spectral dependence of extinction coefficient on wavelength, N, is the Avogadro number. Substituting n =

1.333 for water and integrating the absorption spectrum of HBDI  in alkaline solution, we obtain ‘,uge

7.25 D in water. Using this value with v, = 23,800 cm™ gives o, = 22 A°.



Supplementary Figure S1. Quantum chemical calculation of the dependence of the dipole moment
difference Au on the applied uniform field.
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The field was applied along the molecular axis x, see Fig. 4 of the main text for definition. The molecular
geometry was optimized at every value of the field. The slope of the linear regression represents the
change of polarizability upon excitation, Ac.

Supplementary Figure S2. Dependence of the measured A value on effective BLA parameter, calculated
in Ref. 22 for the anionic GFP chromophore in 3 different proteins (full squares).
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Supplementary Figure S3. Dependence of the pure electronic transition frequency on the difference
between permanent dipole moments, A for a series of GFP mutants (green circles).
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The green line is the best fit to the second-order polynomial.



Fluorescence, rel. u.

G, GM

Fluorescence, rel. u.

Citrine

100

80

60

40

20 1

30 ~

20 4

T
18000 20000

T
22000

Transition wavenumber, cm™

EGFP/T203I

,,/,

T L T — 1
19000 20000 21000 22000 23000

e \

T T T T 1
19000 20000 21000 22000 23000

Transition wavenumber, cm™

Fluorescence excitation, rel.u.

Fluorescence excitation, rel. u.

100 +

| EGFP

R

1
26000

T =1
22000 24000

Transition wavenumber, cm™

100 G3 mutant

1
26000

18000 20000 22000 24000

0

26000

T T T
18000 20000 22000 24000

Transition wavenumber, cm™

26000



17 mTFP1.0 HBDI'in DO = Tem?
100 4 100 4 , e . =38,000M" cm
3- T .
D 80 = 804
= o
8 -
£ 601 5 60
2 =
o 40 | S a0
S | / o
E; <
L 204 20 -
0 T T T T T T 1 0 T g T T T T T T T
20000 22000 24000 26000 20000 22000 24000 26000 28000
80 4
] 40
70 4
€07 30 4
50 4
= ] =
O 404 O 20
o' 30 o
20 4 10
10 4
O T T T T | I 1 0 T T T T T T T T T
20000 22000 24000 26000 20000 22000 24000 26000 28000
Transition wavenumber, cm™ Transition wavenumber, cm™

Supplementary Figure S4. One-photon fluorescence excitation spectrum (top) and two-photon excitation
spectrum (bottom) with the corresponding multi-Gaussian deconvolutions for the representative series of
proteins and the HBDI" chromophore in alkaline D,O solution.
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