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The B-alanine transporter BalaT is required for visual neurotransmission in
Drosophila

Yongchao Han et al

Han et al. eLife 2017;6:e29146. DOI: 10.7554/eLife.29146 10f19


http://dx.doi.org/10.7554/eLife.29146
https://creativecommons.org/
https://creativecommons.org/
http://elife.elifesciences.org/
http://elife.elifesciences.org/
http://en.wikipedia.org/wiki/Open_access
http://en.wikipedia.org/wiki/Open_access

LIFE

Neuroscience

>

150

*%

ns

3 _
5§ 100
2%
23
55 = & T
@ ] % § %
2 HIE | INE
AL INE
. = 71
Q Q
P S RS
RIS it L U
Y CTEEEE LS
EX3 MOCK
B EX PIB-RFP C
E3 PIB-mGAT3 &
200- @ PIB-CG3790 "
T 1504
{5
S
o
> 100-
£
O
o

[3H]- B -alanine uptake

m

(S5
oo
e,

\NAAA
2R

D

N\
Podede

\/

7
}0

)

7
)
)

Normalized expression levels

of cg3790 (cg3790/gpdh)

A AAAAAaaaas

AL

wt body
E= wt head
E= GMR-hid head

Figure 1. CG3790 is a retina-enriched B-alanine transporter. (A) Screening for a B-alanine transporter. HEK293T cells transiently expressing one of ~20
head-enriched potential transporters were exposed to [>H]-B-alanine, which was added to the ECF buffer (final concentration 3.7 x 10* Bg). RFP (red

fluorescent protein) was expressed as a negative control. (B) CG3790 transported B-alanine into S2 cells. Mouse GAT3 and RFP were used as positive
and negative control, respectively. The results given are the mean values + S.D. of four experiments. (C-D) CG3790 was expressed at high levels in the

compound eye. (C) Relative RNA transcript levels (RT-PCR experiments) show that CG3790 expression is enriched in wild-type

w'""®) heads compared

with wild-type bodies or GMR-hid heads. (D) Relative CG3790 transcript levels from wild-type (wt) bodies, wt heads, and GMR-hid heads (gpdh served
as an internal control). RNA levels were normalized to levels in wt bodies, which were set to 1. Error bars indicate standard deviations (SDs) from three
replicate experiments. Significant differences between candidates and control were determined using unpaired t-tests (**p<0.01; ns, not significant). (E)
S2 cells were transiently transfected with 3xFlag-tagged CG3790, and then labeled with Flag antibody (green) and DAPI (blue). Scale bar, 2 um.

DOI: 10.7554/eLife.29146.003
Figure 1 continued on next page
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Figure 1 continued
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The following source data is available for figure 1:
Source data 1. Relates to Figure 1A and B.

DOI: 10.7554/elife.29146.004

Source data 2. Relates to Figure 1D.

DOI: 10.7554/eLife.29146.005

Han et al. eLife 2017;6:e29146. DOI: 10.7554/eLife.29146 30f 19


http://dx.doi.org/10.7554/eLife.29146.004
http://dx.doi.org/10.7554/eLife.29146.005
http://dx.doi.org/10.7554/eLife.29146

e LI FE Research article

Neuroscience

AI1EGIEIP - I LNMANHNLLQ!I FTJAIATP V[HH PB[HNASTGP - - - - - = - - o o oo oo oo
LL|ECIETGVTFAFLFVGVVFLG[S|QPDY] GIP[RATAMAERCAWSPEEEWNLTTPE
CSMILIEIPAALPCAFHAYSQLF IAIATP QHIF VIBIELEPWTQDYVQ- - - - - - - - LVKN

hOCT3 - M TIE|S|E| | [E|D R V[G|S M|G|H FLH
mOCT3 M P TIE|D|QIAIEIR K A|GIE F|G|R| RRV
dBalaT - M DIE[DIE|VIEIR E V[G|S F|[G|L KV I

-n<
<-

KPER 72
Q-GH 89
AYAE 81

hOCT3 LRIF[VHPPNASLPNDTQR - - = = = = = = = = o o o e e e o e e AMIE P|C|L D G\W|V [¥IN S|T|K DIS| - - T N S N K|E|K E[MIA Q S|
mOCT3 HR¥ILLEATNTSSELSCDP - - - - --=-=--- LTAFPNRSAPIEV S|CIS G DMWRY|V E|lH S S SNA L DIET QA
dBalaT SMMISRNYTDIVRYLEYRPPPDLLRQQAEDLLKLQPDTTQMV P|GIQHGWHNID KIS|!I Y|SIS T Q] DR S FIEV TIEIA L V|

GLV 139
AFT 166
NYV 171

hOCT3 L|G|D L S|BIR RPILTCSYLLLAASGSGA P T|E|P | V F CIGIFG I SG I TLIS|T V]| N V| P TRM[RIA |
mOCT3 LI|GlY A AIBIR LITYLISCFGVGITGVVYV| P N|E|S V| I F QIG|V F GKG AWMITIC F V TIE|I V|G S KQIRIR |
dBalaT FIGlY L VIBL| RPSFYAYLLLEI IACAAS NMY T G L VIGIL TVP A | L AS|P Y| A | |E|LIMIG P ER|R|V F

<<>

-
hOCT3 A | PQl QIE| T FFM[FFLSS T 1 L SG|K|S S E R V F KKEE - - -GERLSLEELKLNLQKE
mOCT3 FTPS G QIE|A] S FIE|IF L LYYWV V P T RK|QIG E K| R KC KHLS - - - = - - = - - .- SNYSEITV
dBalaT I VRD| E &S [EJA] L LML FSCFIEVL P| AVGIKITRR \4 R V| VRVNRDFVERLQRKLVITRAAET

LGYC FlGlQ F P| A 229
QMF LIG[I | P| A 256
SNI A LIGIL V Al I 261

316
EVSNPSCL 335
MTTHYGIL

AKAKYTAS

351

hOCT3 FIR] | |P|Vi MIT|F CIEIS L A ATGF AN]Y S[IEIAMGVEE FIG|VINIL Y | L Q | [lF[G|G| AKFT | LSIEISY L HTTQAAJA|L A[G|GIA] |
mOCT3 VIR|T|P|Q] C[TIL ||EV F Al TSAVVQGIEVMRLGL I|GGNIL Y | DF FIilS|G|L GALIE|I LLTENERL RLPFAA|SIN AlG|V|S|C
dBalaT FIRIGIBIN KL TEAT LI ANTS VXIVGIEIS Y YAP ALIGIGIBIE | WN F F|EJA[G]A| TYLIEILWPGIEIS Y F RW I LF ISV G|G| V|AIC

hOCT3 LQTMRTVIEIAV F G C S S CIE|F[E|Y T| V| QT IGVSNLWTRVIG|S SIPILM/K | - TGEVQPF N YIG|| TAL)
mOCT3 IP RTTMATL LG M| E | M Y|EIV N T N F SLCSGLCDF|G|G APIFIEILFRLAAIWLE L FIG|! L A S|
dBalaT - - TLLIEYCV| M G| S V VIEIP[EM A \ G L| SFSSVISMVIGP| IBIMINH -MGQQML YV L| MIGIAL L |

hOCT3 LNQP LIEINWSLR - - - - - AKIKIPIKIQIEIP EVEKASQRIPLQPHG - -PGLGSS - - - - - - - - = - = = oo - oo mm s
mOCT3 KG I A VIEIKLGS SQLHQCGRIKIKIKITIQIV S TSDV - = = = = = = & o e s e e e e e e e e e e e e e e e e mmmmmmmmm s
dBalaT RNRN GIEIAVPLSFLLCCCVIEISIEIRIKIPNN | RASPKKRILPEAGTPVFHRVDTPVSDRVPCKIVCSICKNEMRTL 604

LD 406
EG 425
- - 439

495
515
526

Figure 1—figure supplement 1. CG3790 is a SLC22 family protein. Alignment of the Drosophila CG3790 amino acid sequence with mouse OCT3
(mOCT3) and human OCT3 (hOCT3). Identical residues, found in at least two proteins, are enclosed in green boxes. CG3790 is 29% identical to
mOCT3% and 30% identical to hOCT3. The transmembrane domains are indicated by solid lines above the sequences. The running tally of amino acids

is indicated to the right.
DOI: 10.7554/elife.29146.006
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Figure 1—figure supplement 2. CG3790 is unable to transport histamine and GABA. (A) CG3790 did not transport GABA into S2 cells. Mouse GAT3
was used as a positive control, and RFP was used as a negative control. (B) CG3790 did not exhibit histamine transporting activity in S2 cells. Human
OCT2 and RFP were used as positive and negative control, respectively. [2H-GABA or [*H]-histamine was added to the ECF buffer (final concentration
3.7 x 10% Bq). The results given are the mean values + S.D. of three experiments. Significant differences were determined using unpaired t-tests

(***p<0.001; ns, not significant).
DOI: 10.7554/elife.29146.007
The following source data is available for figure 1:

Figure supplement 2—Source data 1. Relates to Figure 1—figure supplement 2A and B.
DOI: 10.7554/elife.29146.008
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Figure 1—figure supplement 3. GMR-hid abolished expression of ninaE and pdh. (A-B) Wild-type heads contain more transcripts for (A) ninaE and (B)
pdh than wild-type bodies and GMR-hid heads (gpdh served as an internal control, and mRNA levels were normalized to wild-type body). Data is
processed by logarithmic 2 and averaged from three replicate experiments. Error bars indicate SDs. Significant differences between candidates and
control were determined using unpaired t-tests (***p<0.001).

DOI: 10.7554/elife.29146.009

The following source data is available for figure 1:

Figure supplement 3—Source data 1. Relates to Figure 1—figure supplement 3A and B.
DOI: 10.7554/elife.29146.010
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Figure 2. Mutations in balat disrupt photoreceptor cell synaptic transmission and visual behavior. (A) Schematic for balat knock-out by sgRNA
targeting. The organization of the balat locus and the expected structures of balta’ and balat? alleles are shown. Boxes represent exons with the
coding region between ATG and TAG. The sgRNA1 and sgRNA2 primer pair was used to generate the balat’ allele; the sgRNA2 and sgRNA3 primer
pair was used to generate the balat® allele. Arrows indicate the primers used for genomic PCR. (B) PCR products obtained from balat’ and balat®
mutants show successful gene deletions. (C) ERG recordings from: wild-type w8, balat’, balat?, balat’;GMR-balaT, balat’;pdh—balaT, balat?:ninaE-
balaT and w*; balat’ flies. Young flies (<3 days after eclosion) were dark adapted for 1 min and subsequently exposed to a 5 s pulse of orange light.

Figure 2 continued on next page
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Figure 2 continued

ON and OFF transients are indicated by arrows. All flies contained the w'’™ mutation except for the w*; balat’ flies. (D) Quantitative analysis of the

amplitudes of ERG OFF transients shown in C. (E) Phototaxis behaviors of wt, balat’ balat’:GMR-balaT, ba/at7;pdh-ba/aT and balat’;ninaE-balaT flies.
Significant differences between mutant and wild-type flies were determined using unpaired t-tests (***p<0.001; ns, not significant).

DOI: 10.7554/elife.29146.012

The following source data is available for figure 2:

Source data 1. Relates to Figure 2D and E.
DOI: 10.7554/elife.29146.013
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Figure 2—figure supplement 1. Quantification of the ERG ON transients. Percentage of flies of indicated
genotypes that have ON transients were quantified. The ERG profiles from at least 7 flies of each genotype were

scored.
DOI: 10.7554/eLife.29146.014
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balat-mCherry

Figure 3. BalaT localizes to pigment cells. (A-B) Compound eyes from balat-mcherry flies that express mCherry (red) driven by the endogenous balat
promoter were labeled for PDH (green), mCherry (red), and phalloidin (blue). High-magnification images are shown in (B). (C-D) mCherry signals were
not detected in wild-type (wt) retinas. Scale bars represent 20 um.

DOI: 10.7554/elife.29146.015
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Figure 3—figure supplement 1. Generation of balat-mcherry flies. (A) Schematics for generating balat-mcherry flies. The mcherry fluorescent protein,
driven by an eye-specific 3XP3 promoter, was inserted into the balat genomic locus using CRISPR/Cas%-mediated homologous recombination. The
3XP3 promoter region was subsequently removed by Cre recombinase. PCR primers (arrows, pF and pR) were used to verify the balat-mcherry knock-in
flies. (B) Images show flies with the 3XP3-mcherry reporter inserted into the balat locus (balat-3XP3-mcherry), and the balat-mcherry knock-in flies after
Cre/LoxP-mediated recombination. Scale bar represents 150 um. (C) Genomic PCR products from wild-type w8, attP2, balat-3XP3-mcherry, and
balat-mcherry flies show successful gene targeting. (D) ERG recordings from wild-type (w''"9), attP2, balat-3XP3-mcherry, and balat-mcherry flies. The
mcherry insertion caused the loss of ‘on’ and ‘off’ transients.

DOI: 10.7554/elife.29146.016
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Figure 4. Specific knockdown of Inx1 and Inx3 in compound eyes blocks visual neurotransduction. ERG recordings of (A) control (GMR-gal4), (B)
inx1RNAT (GMR-gald/ UAS-inx 18N, (C) inx2™ AT (GMR-gal4/UAS-inx2®N4Y, (D) inx3*N4 (GMR-gald/ UAS-inx3™NAY), (E) inx1RNA + inx2fNAT (GMR-gald/
UAS-inxTRNAT UAS-inx 1RV (F) inx2RNAT + inx3"NAT (GMR-gald/UAS-inx 2™ UAS-inx3RN), and (G) inx1™NA + inx RN (GMR-gald/UAS-inx1RN UAS-
inx3™N4) are shown. Arrows indicate ON and OFF transients in (A). Flies (~1 day after eclosion) were dark adapted for 1 min and subsequently exposed
Figure 4 continued on next page
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Figure 4 continued

to a 5 s pulse of orange light. (H-I) B-alanine was immunolabeled in horizontal sections of heads from (H) control: CG2198RNAT (GMR-gal4/UAS-
CG2198"NA and (1) inx 1RNAT 1 jnx3RNAT (GMR-ga/4/UAS-inx7RNAi UAS-inx3™4) flies. Re, retina; La, lamina; Me, medulla; Lo, lobula. (J) Fluorescence
intensity ratios of B-alanine signals between retina and lobula. Quantifications of all genotypes are averages of six replicate experiments. Significant
differences between inx1fNA 1 inx3fNAT and controls (CG2198fNA and CG99628NA were determined using unpaired t-tests (***p<0.001; ns: not
significant).

DOI: 10.7554/elLife.29146.017

The following source data is available for figure 4:

Source data 1. Relates to Figure 4J.
DOI: 10.7554/elife.29146.018
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Figure 4—figure supplement 1. Accumulation of -
alanine in heads of InxT and Inx3 double RNA flies.
Levels of B-alanine in heads of control and inx1"NA +
inx3RNAT (GI\/IR—ga/4/UAS—inx7RNAi UAS-inx3™4 flies.
Error bars indicate SDs, and significant differences
between mutant and wt flies were determined using
unpaired t-tests (***p<0.001).

DOI: 10.7554/elife.29146.019

The following source data is available for figure 4:

Figure supplement 1—Source data 1. Relates to Fig-
ure 4—figure supplement 1.
DOI: 10.7554/elLife.29146.020
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Figure 5. Loss of BalaT affects the level and distribution of B-alanine in vivo. (A-B) Levels of (A) B-alanine and (B) histamine in heads of wild-type (wt,
w''"8), cart’, and balat’ flies are shown. Error bars indicate SDs, and significant differences between mutant and wt flies were determined using

Figure 5 continued on next page
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Figure 5 continued

unpaired t-tests (*p<0.05; **p<0.01). (C-E) B-alanine was immunolabeled in horizontal sections of heads from (C) wild-type w''"8), (D) balat’, and (E)
balat’;GMR-balat flies. Re, retina; La, lamina; Me, medulla; Lo, lobula. (F) Fluorescence intensity ratios of B-alanine labeling between retina and lobula.
Significant differences between mutant and wild-type flies were determined using unpaired t-tests (**p<0.01; ns: not significant).

DOI: 10.7554/elLife.29146.021

The following source data is available for figure 5:

Source data 1. Relates to Figure 5A and B.
DOI: 10.7554/elife.29146.022
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Figure 5—figure supplement 1. Distribution of B-alanine was unaffected in pyd? and balck double mutant flies. B-alanine was immunolabeled in
horizontal sections of heads from (A) wild type (w'""8 and (B) pyd1;b7 flies. Re, retina; La, lamina; Me, medulla; Lo, lobula. (C) Fluorescence intensity
ratios of B-alanine signals between retina and lobula. Quantifications of both genotypes are averages of six replicate experiments. Significant difference
between wild type and pyd1;b’ was determined using unpaired t-tests (ns: not significant).

DOI: 10.7554/elife.29146.023
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Figure 6. A model of the histamine recycling pathway. Histamine is initially synthesized by histidine decarboxylase (Hdc) in photoreceptor cells (PR).
Upon light stimulation, PRs release histamine into the synaptic cleft. Released histamine is quickly taken up by an unknown histamine transporter into
epithelial glial cells that express Ebony. In these glia, histamine is conjugated to B-alanine, which inactivates histamine and generates carcinine.
Carcinine is released into the synaptic cleft and subsequently internalized, via CarT, by the PRs. After carcinine is hydrolyzed to histamine and B-alanine
by Tan hydrolase in the PR, histamine is re-packaged into synaptic vesicles, whereas B-alanine is delivered to and subsequently internalized, via the
BalaT transporter, by retinal pigment cells (PCs). PCs can store B-alanine or deliver B-alanine to the laminar glia cells through a gap junction network
involving Inx1 and Inx3, which are expressed in PCs. In glial cells, B-alanine is conjugated to histamine, and the cycle repeats. Moreover, B-alanine can
be synthesized by Black, which is an aspartate decarboxylase that is expressed together with Ebony in optic lobe glia.

DOI: 10.7554/elife.29146.024
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