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Trypsin is a serine protease that is synthesized by the gut epithelial cells of female
mosquitoes; it is the enzyme that digests the blood meal. To study its molecular
regulation, Culex quinquefasciatus late trypsin was purified by diethylaminoethyl (DEAE),
affinity, and C1g reverse-phase high performance liquid chromatography (HPLC) steps,
and the N-terminal amino acid sequence was determined for molecular cloning. Five
overlapping segments of the late trypsin cDNA were amplified by PCR, cloned, and
the full sequence (855 bp) was characterized. Three-dimensional models of the pro-
trypsin and activated trypsin were built and compared with other trypsin models. Trypsin
modulating oostatic factor (TMOF) concentrations in the hemolymph were determined
by ELISA and compared with trypsin activity in the gut after the blood meal. The
results showed that there was an increase in TMOF concentrations circulating in the
hemolymph which has correlated to the reduction of trypsin activity in the mosquito
gut. Northern blot analysis of the trypsin transcripts after the blood meal indicated
that trypsin activity also followed the increase and decrease of the trypsin transcript.
Injections of different amounts of TMOF (0.025 to 50 pg) decreased the amounts of
trypsin in the gut. However, Northern blot analysis showed that TMOF injections did
not cause a decrease in trypsin transcript abundance, indicating that TMOF probably
affected trypsin translation.

Keywords: Culex quinquefasciatus, late trypsin biosynthesis, cloning and sequencing, three-dimensional
modeling, blood digestion

INTRODUCTION

Anautogenous female mosquitoes take a blood meal to develop their eggs in the ovaries and
are important vectors of human infectious diseases such as malaria, dengue, and yellow fever.
Culex quinquefasciatus found in subtropical regions feeds on blood from humans, dogs, birds,
and livestock, thus being adapted to transmit arboviruses between humans and animals such as
West Nile, St. Louis encephalitis, and Venezuelan equine encephalitis viruses (Farajollahi et al.,
2011; Simpson et al., 2012). To digest the blood meal to free amino acids female mosquitoes,
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synthesize trypsin, and chymotrypsin-like enzymes (Borovsky,
2003). The blood digestion in female mosquitoes is a two-phase
process regulated at the midgut epithelial cells. Following the
blood meal, trypsin biosynthesis is stimulated by soluble proteins
that activate a pre-existing trypsin transcript of the early trypsin
in both Aedes aegypti and C. quinquefasciatus (Felix et al., 1991;
Borovsky et al., 2018). Female C. quinquefasciatus that were
fed on sugar before entering diapause were reported to also
synthesize trypsin-like enzymes in their midgut. These enzymes
were identified by sodium dodecyl sulfate polyacrylamide
gel electrophoresis (SDS-PAGE) followed by tandem mass
spectrometry (MS/MS) analyses or by molecular cloning and
characterization. These studies suggested that the early trypsin
might play a role in the activation of the late trypsin after the
blood meal. However, their role in digesting the blood meal or
whether they are continued to be synthesized or downregulated
after the blood remains unknown (Robitch and Denlinger, 2005;
Borges-Veloso et al., 2015).

Earlier reports (Barillas-Mury et al, 1995; Noriega and
Wells, 1999) suggested that in A. aegypti, the early trypsin
and juvenile hormone (JH) were required for the transcription
and subsequent translation of the late trypsin. These claims
were shown to be incorrect (Borovsky, 2003; Lu et al., 2006)
indicating that an unknown mechanism, which is yet to be
discovered, possibly controls the mosquito early and late trypsin.
The role of JH in the biosynthesis of the early trypsin in
C. quinquefasciatus was reported several years ago (Borovsky
et al.,, 2018). These authors showed that JH controlled the
splicing of the early trypsin transcript that was covalently bound
to RNA ribonucleoprotein (RNP) by a phosphoamide bond
at the 5-end of the transcript, and that the early trypsin
biosynthesis depended on sugar and blood-feeding, whereas the
late trypsin biosynthesis did not depend on sugar feeding or JH.
Downregulating C. quinquefasciatus early trypsin transcript does
not affect the late trypsin. Only blood digestion controls the late
trypsin translation as was shown in A. aegypti (Borovsky, 2003;
Lu et al., 2006).

Trypsin modulating oostatic factor (TMOF), a decapeptide
(YDPAPPPPPP) synthesized by female A. aegypti ovary, controls
the biosynthesis of trypsin-like enzymes in the midgut epithelial
cells of several species of mosquito including A. aegypti,
C. quinquefasciatus, Culex nigripalpus, and Anopheles albimanus
(Borovsky, 1988). Using immunochemistry, we showed that
AeaTMOF like peptide was circulating in the hemolymph of
female C. quinquefasciatus after the blood meal. We purified
the C. quinquefasciatus late trypsin, cloned its ¢cDNA, and
molecularly characterized the late trypsin gene. We demonstrate
that AeaTMOF affected the translation of the late trypsin
transcript in the gut epithelial cells as it has been shown
for Neobellieria in which NeoTMOF (10~° M), a hexapeptide
(NPTNLH) different than AeaTMOF, inhibited the translation
of the late trypsin transcript (Borovsky et al., 1996). Similarly,
in Heliothis virescens, AeaTMOF engineered on the coat protein
of Tobacco Mosaic Virus stopped the translation of the
trypsin transcript in the gut epithelial cells (Borovsky et al.,
2006). To clone and sequence the C. quinquefasciatus late
trypsin, we combined biochemical and molecular techniques

to first purify the enzyme by diethylaminoethyl (DEAE) and
affinity chromatography followed by high performance liquid
chromatography (HPLC). The purified enzyme N-terminal was
sequenced allowing us to design primers for cloning and
molecular sequencing the late trypsin as was successfully reported
for the trypsin of Neobellieria bullata (Borovsky et al., 1996). This
report shows for the first time that in female C. Quinquefasciatus,
TMOF affects trypsin activity by inhibiting the translation of the
late trypsin transcript.

MATERIALS AND METHODS

Experimental Insects

Larval C. quinquefasciatus were reared at 27°C in the laboratory
on a diet of lactalbumin and yeast extract (1:1), under 16:8 h
light:dark cycle. Adults were fed on 10% sucrose and chicken
blood and used 1-3 days after emergence.

Injections and Surgical Manipulations

Female C. quinquefasciatus were blood-fed lightly anesthetized
by ether and immediately injected (0.25 pl) with different
concentrations of TMOF or water (control) with a finely drawn
glass capillary between the second and third segments of the
female abdomen. After injections, females were kept in a cage
lined with tissue paper in a bio room at 37°C and 80% humidity,
then analyzed 30 h later.

Reagents

Ng-benzoyl-DL-arginine-4-nitroanilide (BApNA) was purchased
from Sigma (St. Louis, MO, United States). TMOF was
synthesized and purified by HPLC, and the peptide was
analyzed by MS as described previously (Borovsky et al., 1990).
Radioactively labeled [1,3->H]DFP (5 pCi) specific activity
35 Ci mmol for labeling trypsin (Borovsky and Schlein,
1988) was purchased from Amersham (Arlington Heights,
IL, United States).

Enzyme Assay and Biosynthesis

Trypsin activity was measured with BApNA. Enzyme aliquots
were incubated for 30 min at 30°C, and absorbance was read
at 410 nm as was described previously (Borovsky and Schlein,
1988). For pH activity profile the following buffers were used:
0.2 M citric/phosphate (pH 3.2-7.2); 0.2 M Tris-HCl (pH 7.2-
8.9); 0.2 glycine/NaOH (pH 8.9-10.9). The amount of trypsin
synthesized per female gut after the blood meal was determined
by incubating [1,3-*H]DFP with trypsin and the [1,3-*H]DIP-
trypsin derivatives were measured (Borovsky and Schlein, 1988).

ELISA

Female C. quinquefasciatus hemolymph samples were collected
(3 groups of 100 females each) by centrifugation at different
times after the blood meal after removing the female legs. The
legless females were transferred into Eppendorf tubes fitted with
a filter paper separating the legless females from the bottom
of the Eppendorf tube. The legless females were centrifuged at
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FIGURE 1 | Comparison between Culex quinquefasciatus late trypsin activity
in the gut and trypsin modulating oostatic factor (TMOF) concentrations in the
hemolymph. (A) Trypsin activity at different times after the blood meal was
followed using BApNA in female guts. Activity is expressed as nmol/min/gut,
which are then expressed as means of 3 determinations + SEM. (B) The
concentration of AeaTMOF in the hemolymph of female mosquitoes was
followed at intervals after the blood meal using ELISA. Each concentration
represents the mean of 3 determination + SEM.

5,000 rpm in an Eppendorf microcentrifuge for 10 min at 4°C.
After centrifugation, the hemolymph was collected from the
bottom of the tubes (about 0.25 jl/female) and assayed for TMOF
using ELISA (Borovsky et al, 1992). Each determination was
repeated three times and the results are expressed as the average
of 3 determinations + SEM (ng/j.1 + SEM) (Figure 1).

Anion Exchange Column
Chromatography

Female C. quinquefasciatus were fed a blood meal and 30 h
later guts were surgically dissected from 300 females under
a dissecting microscope, homogenized in an Eppendorf tube
(2 ml) at 4°C with 50 mM Tris-HCl pH 7.9 buffer (1.5 ml),
centrifuged at 14,000 rpm in a micro-centrifuge for 10 min at
4°C, and the supernatant was removed. A DEAE biogel (Bio-
Rad, Hercules, CA, United States) column (1.5 cm x 91 cm) was

equilibrated with 50 mM Tris-HCI pH 7.9 at 4°C, and 1.5 ml of
the supernatant was adsorbed onto the DEAE biogel and eluted
with a linear gradient of NaCl (500 ml, 0-0.5 M) at a speed of
3.5 ml/h. Fractions (7 ml) were collected and aliquots (200 1)
were assayed for trypsin activity using BApNA (Borovsky and
Schlein, 1988; Figure 2A).

Affinity Chromatography

The major peak with trypsin activity (70 ml) that was eluted at
0.35 M (Figure 2A) was collected, dialyzed against 50 mM Tris—
HCI pH 7.9 (2,000 ml) at 4°C overnight, and adsorbed to 5 ml
of soybean trypsin inhibitor sepharose 4B packed into a column
(0.5 cm x 10 cm) that was previously calibrated with 50 mM
Tris-HCI pH 7.9 buffer. The column was then washed at 4°C
with the same equilibrating buffer (12 ml) and then eluted with
35 ml of 20 mM Glycine-HCI pH 3 buffer into tubes containing
1 M Tris-HCI pH 7.9 (1 ml). Fractions (1 ml) were collected and
aliquots (100 1) were assayed for trypsin activity at 410 nm using
BApNA (Borovsky and Schlein, 1988), and eluted proteins were
followed by their 280 nm absorbance (Figure 2B). Fractions 49—
54 (12 ml) were combined, and the volume was concentrated
to 1.5 ml using an Amicon Diaflo concentrating cell at 4°C
with a membrane PM 10 cut-off M, = 10 kDa (Sigma, St. Louis
MO, United States).

Reverse Phase C4g High Performance
Liquid Chromatography

Aliquots at 200 pl from the affinity column concentrate (1.5 ml,
as described above) were chromatographed on HPLC system
using microsorb 5 wm Cig reverse-phase column (4.6 mm i.d.
by 25 cm) and a 5 mm guard cartridge. The column was eluted
using a gradient of acetonitrile (0-100%) in 0.1% trifluoroacetic
acid (TFA) (Borovsky and Mahmood, 1995). The column was
calibrated with [1,3-H]DIP labeled trypsin synthesized after
the affinity chromatography. Briefly, aliquots (100 wl) from
the concentrated trypsin peak after affinity chromatography
(see above) were incubated with [1,3-°H]DFP (Borovsky and
Schlein, 1988) and the [1,3-3H]DIP labeled trypsin derivative
were purified by SepPak C;g reverse-phase mini-column (Waters,
Milford, MA, United States) by eluting the unreacted [I,3-
SH]DFP in 10% acetonitrile 0.1% TFA (4 ml) and then the [1,3-
*H]DIP labeled trypsin in 100% acetonitrile 0.1% TFA (4 ml).
The eluted [1,3-*H]DFP-trypsin radioactivity was determined
using a liquid scintillation counter (Borovsky et al., 2021), dried
under a fine stream on Nj, rehydrated in water 0.1% TFA
(100 pl), and used to calibrate the HPLC column (Figure 2C).
The HPLC chromatography was repeated four times and the
eluted trypsin peaks combined and the N-terminal sequence of
the late C. quinquefasciatus trypsin was determined.

N-Terminal Amino Acids Sequencing

Total protein content was determined according to Bradford
(1976) and bovine serum albumin as a standard. Aliquots
from the pooled four samples (200 pg each) after HPLC
purification were assayed to determine the N-terminal sequence
of C. quinquefasciatus later trypsin (6.3 pmol) by Edman
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FIGURE 2 | Purification of C. quinquefasciatus late trypsin using column
chromatography. (A) Purification using DEAE chromatography. Protein
absorbance at 280 nm is shown in the blue line. Trypsin activity was followed
using BApNA monitored at 410 nm (orange line). NaCl elution gradient is
shown as a black line. (B) Affinity chromatography of C. quinquefasciatus late
trypsin on Soybean trypsin inhibitor Sepharose-4B column. Late trypsin was
eluted with 20 mM Glycine-HCI pH 3.0 buffer. Protein was followed by
absorbance at 280 nm (solid black line) and trypsin activity was followed using
BApNA at 410 nm (broken line). (C) Reverse phase C4g HPLC. Protein was
eluted using a linear gradient of acetonitrile in the presence of.1% TFA
(dashed line). The column was calibrated with [1,3-H]DIP trypsin (arrow).
Collected fractions were monitored for protein at 280 nm (solid line) the late
trypsin was found to elute at 16.04 min.

degradation on a pulsed liquid protein sequencer (Beckman
LF3200). Phenylthiohydantoin (PTH)-amino acids were
separated in an acetonitrile gradient on a micro-C;g RP-
HPLC column kept at constant temperature in a column oven

(52°C). The analysis ran 30 Edman degradation cycles. The
first 19 cycles yielded the unambiguous N-terminal sequence
IVGGFEIDILEVPYQISL.

RNA Extraction

Four groups of female C. quinquefasciatus (500 per group)
were fed sugar for 2 days and fed blood on a chicken. Then,
at intervals (4, 30, 50, and 60 h) their guts were surgically
removed using a dissecting microscope into a drop of saline.
The gut was opened, the blood bolus removed, the gut epithelial
cells were washed in phosphate-buffered saline (PBS) pH 7.2
and homogenized in 1 ml TRIzol (ThermoFisher, Carlsbad,
CA, United States). Total RNA was prepared from the TRIzol
homogenate for each group following the instructions of the
manufacturer. The RNA was stored in RNase-free TE buffer,
pH 8 at —20°C until used (Borovsky et al, 1996, 2021;
Yan et al., 1999).

Northern Blot Analysis

Ambion Northern Max kit was used for the Northern blot
analyses (Ambion, Austin, TX, United States). RNA samples
from isolated gut epithelial cells (15 pg per lane) that were
extracted at different times after the blood meal and from
sugar-fed females, as well as from blood-fed females that were
injected with different amounts of TMOF (0.025-50 pg) or
water control, were separated on denaturing 1% formaldehyde
agarose gel at 100 V for 1.5 h and transferred to Hydrobond-
N nylon membrane (Borovsky et al, 1996, 2018). The
membranes were hybridized with [32P]-labeled DNA probe
(294 nt) (Supplementary Material) that was prepared by PCR
using primers DB 102 and DB 99 (Table 1), a random prime
kit was used to label the DNA with [?2P]dCTP following the
instructions of the manufacturer (Agilent, Santa Clara, CA,
United States). Membranes were exposed to X-ray film for
48 h at —80°C and then developed (Borovsky et al., 1996; Yan
etal., 1999). Radioactively labeled probes were stripped from the
membrane in a boiling solution of 0.1% SDS and the membrane
was scanned with a Geiger counter to confirm that the probes
were completely removed. C. quinquefasciatus actin transcript
probe (Borovsky et al., 2018) was used to show the transfers to
the membranes in control and experimental lanes. The Northern
blot analyses were repeated twice showing similar results. Since
the transfer of actin transcript in each lane was not equal, the
Northern blots were normalized by scanning the blot using
Sapphire Biomolecular Imager (Azure Biosystems, Dublin, CA,
United States) using three wavelengths (488, 520, and 658 nm)
and the opacity of the scanned trypsin transcript bands were
divided by the opacity of the scanned actin transcript bands that
were used as reference genes. The ratios were then plotted against
different amounts of injected TMOF (0.025-50 pg) and water
control and were used to study the abundance of the trypsin
transcripts in injected female C. quinquefasciatus as compared
with water-injected control.

PCR

Primers were synthesized by Sigma-Aldrich, and their positions
and t,,, on the C. quinquefasciatus late trypsin transcript are listed
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TABLE 1 | Primers used in sequencing and Northern blot analysis of Culex
quinquefasciatus late trypsin transcript.

Primers Primers sequence Position Amplicon tm (°C)
(5'-3) (5'-3) (nt)

5" RACE

dT47 adapter GACTCGAG 74

(forward) TCGACATCGA(T)17

DB 80 (reverse) CAAAACCCAGT (—30) to 225 255 49
TTTCACC

DB 73 (reverse) GAGTCCAACGT 1-264 264 54
CGTTATCATC

3’ RACE

DB 75 (forward) TACGGAGGCTACCA 59
GATTACCGAT

dT+7 adapter GACTCGAGTC 576-855 279 74

(reverse) GACATCGA(T)17

Adapter GACTCGAGTC 66

(reverse) GACATCGA

DB 46 (forward) ATHGTIGGIGG 45
ITTYGAR

DB 66 (reverse) ICCICCIGARTCI 125-717 592 57
CCYTGRCA

DB 95 (reverse) GATACCACTGTG 125-789 664 55
CTCCTTGAC

Northern blot

DB 102 TGATCATTCA 46

(forward) GTTCAGAG

DB 99 (reverse) GAGTCCAACGT (—30) to 264 294 50
CGTTATC

Degenerate nucleotides coding: R = A, G, H =T, C, A, Y =T C; | = inosine.
Degenerate primers nucleotides were synthesized as mixtures and were used for
RT—PCR to amplify the Culex quinquefasciatus late trypsin messenger RNA found
in adult female gut epithelial cells 30 h after the blood meal.

in Table 1. The forward and reverse sequences of primers DB
46 and DB 66 were derived from the N-terminal sequencing
of the late trypsin and the active site sequences of A. aegypti,
Anopheles gambiae, Manduca sexta, Drosophila melanogaster, and
C. quinquefasciatus early trypsin (Davis et al., 1985; Kalhok et al.,
1993; Muller et al., 1993; Peterson et al., 1994; Borovsky et al.,
2018). PCR conditions for RT-PCR and PCR to amplify the
late C. quinquefasciatus trypsin were similar as was reported for
N. bullata, Diaprepes abbreviatus and C. quinquefasciatus early
trypsin (Borovsky et al., 1996, 2018; Yan et al., 1999). For rapid
amplification of the 3’ and 5’ ¢cDNA ends (RACE), the forward
and reverse primer sets are described in Table 1, and the PCR
conditions were the same as those that were described before
(Borovsky et al., 1996; Yan et al., 1999).

Cloning and Sequencing

The ¢cDNA segments produced by PCR amplification of gut
epithelial cells RNA were subcloned into pCR2.1 vector using
TA cloning kit (Invitrogen, Waltham, MA, United States). The
plasmid DNA was purified using QIAprep Spin Miniprep Kit,
digested to release cloned fragments, analyzed by electrophoresis,
and sequenced (Borovsky et al., 1996; Yan et al., 1999). Sequences
were analyzed with DNAstar v.12 software (DNAstar, Madison,
WI, United States).

Three-Dimensional Modeling

Homology modeling of the C. quinquefasciatus late pro-trypsin
was performed with the YASARA Structure program (Krieger
etal,, 2002). Different templates of pro-trypsin were used to build
the pro-trypsin model using the atomic coordinates of trypsin-
1 from the Atlantic salmon (Salmo salar) (PDB code 1HJ8 and
1UTJ) (Leiros et al, 2001, 2004), anionic trypsin (PDB code
2ZPQ), cationic trypsin isoform 2 (PDB code 2ZPR), and anionic
trypsin isoform 3 (PDB code 2ZPS) from the chum salmon
(Oncorhynchus keta) (Toyota et al., 2009). The model that was
built using 2ZPR, contained 233 amino acid residues (7-240),
exhibited a better Z-score, and was saved as the final model for
the late C. quinquefasciatus pro-trypsin. PROCHECK (Laskowski
et al, 1993), ANOLEA (Melo and Feytmans, 1998), and the
calculated QMEAN scores (Benkert et al., 2011; Grosdidier et al.,
2011), were used to assess the geometric and thermodynamic
qualities of the model. Only three residues (R16, Y37, and
H74) over 234, occurred in the non-allowed regions in the
Ramachandran plot. Using ANOLEA to evaluate the model, 33
residues (out of a total of 234) of the model exhibited energy
over the threshold value. Stretches of residues exhibiting the
higher values corresponded to the pro-peptide from the pro-
trypsin and some extended loops that protrude from the protein
core, surrounding the central catalytic groove. The calculated
QMEAN score for the model was —1.33. The activated trypsin,
a polypeptide chain of 227 amino acids devoid of the activation
peptide, was similarly modeled from the atomic coordinates
of the same template proteins. A model that was built from
the 2ZPQ template (anionic trypsin from the chum salmon),
containing 224 amino acid residues (1-224) and was saved as
the final model for the cleaved trypsin of C. quinquefasciatus.
A single residue (H58) of the model built for the activated trypsin
occurred in the non-allowed region of the Ramachandran plot.
Using ANOLEA to evaluate the model, only six residues (out of
224) of the model exhibited energy over the threshold value and
the QMEAN score for the model was 0.1.

Statistical Analysis

Data were analyzed using Graph Pad Prism v.5 using a two-tailed
unpaired t-test and one-way ANOVA. Results were considered
significant when p < 0.05.

RESULTS

Relationship Between Trypsin Activity
and Trypsin Modulating Oostatic Factor
Synthesis After the Blood Meal

To find out the relationship between trypsin activity in the
gut of female C. quinquefasciatus and TMOF circulating in the
hemolymph after the blood meal, the guts and hemolymph
were assayed for trypsin activity and TMOF concentrations,
respectively. Late trypsin activity was first detected at 8 h after
the blood meal the activity increased reaching a peak at 30 h
and then rapidly declined after 40 h and disappeared at 58 h
(Figure 1A). On the other hand, TMOF was first detected in the
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hemolymph at 30 h reaching a peak between 50 and 60 h and
then rapidly declined, reaching a minimum of 100 h after the
blood meal (Figure 1B). Since TMOF binds an ABC TMOF gut
receptor and it is imported into the gut epithelial cells, the site of
trypsin biosynthesis (Borovsky et al., 2021), these results showed
that the decline in trypsin activity in the gut of blood-fed female
C. quinquefasciatus was correlated with the increase of TMOF
concentration in the hemolymph.

Purification of Culex quinquefasciatus

Late Trypsin

Diethylaminoethyl Chromatography

Supernatant that was obtained after homogenizing guts from
females that were blood-fed for 30 h was chromatographed on
DEAE biogel. Protein absorbance was followed at 280 nm and
enzyme activity was followed at 410 nm using BApNA (Borovsky
and Schlein, 1988). The column was eluted using a linear gradient
of NaCl and fractions (7 ml) were collected. A first peak eluted
between 0.05 and 0.150 M NaCl was devoid of trypsin activity.
A second peak with low trypsin activity was eluted at 0.22 M
NaCl. A third peak eluted between 0.25 and 0.35 M NaCl
contained the majority of the trypsin activity. Fractions 60-70
(70 ml) were collected and dialyzed against 50 mM Tris—-HCI pH
7.9 at 4°C (Figure 2A).

Affinity Chromatography

Affinity chromatography on soybean trypsin inhibitor covalently
bound to sepharose has separated the trypsin into two peaks.
Specifically, a large protein peak with trypsin activity did not bind
to the column, while a small protein peak was retained by the
column with high trypsin activity (Figure 2B). The latter protein
peak exhibiting trypsin activity and high affinity was collected
(12 ml) and the volume was reduced to 1.5 ml using Diaflo
concentrating cell.

C1g High Performance Liquid Chromatography

Aliquots at 200 l from the concentrated peak after affinity
chromatography were purified by HPLC chromatography using
reverse phase Cjg matrix. The column was calibrated with
[1,3°H]DIP trypsin to identify where trypsin elutes. After HPLC,
a single protein peak was identified that corresponded with
the [1,3°H]DIP-trypsin standard (Figure 2C). After drying the
collected trypsin peak under a fine N; stream in a hood, the
total protein under the peak was determined to be 200 pg.
The HPLC analysis was repeated four more times and the
trypsin peaks combined to a final amount of 1 mg. The
material was analyzed by automated Edman sequencing yielded
an unambiguous N-terminal sequence of the first 19 amino acids
of the late C. quinquefasciatus trypsin IVGGFEIDILEVPYQISLQ.

pH Activity Profile

Maximum activity of C. quinquefasciatus trypsin after affinity
chromatography at different pH values occurred between pH
8 and 9 (Figure 3). Low activity was observed between pH 3
and 5 and about 88% of the maximal activity was observed
at pH 7 and 10, whereas no activity was observed at pH 11.
These results indicated that the enzyme favored a gut alkaline

Trypsin (nmol/min/ung) + SEM

FIGURE 3 | Effect of pH on purified C. quinquefasciatus late trypsin activity.
Fraction (100 pl) from the combined trypsin peak after affinity chromatography
were assayed for trypsin activity using BApNA using 0.2 M citric/phosphate
(pH 3.2-7.2), 0.2 M Tris-HClI (pH 7.2-8.9), and 0.2 glycine/NaOH (pH
8.9-10.9). Each assay was repeated three times and is expressed as

means + SEM.

environment similar to trypsin-like enzymes from Helicoverpa
armigera, Heliothis virescens, and D. abbreviatus (Johnston et al.,
1991, 1995; Yan et al., 1999).

Cloning and Sequencing of Culex
quinquefasciatus Late Trypsin cDNA

Five fragments of cDNA were synthesized from late trypsin
mRNA extracted from the epithelial cells lining the midguts
of female C. quinquefasciatus 30 h after the blood meal. Two
cDNA fragments of 592 and 664 bp, respectively, of the late
trypsin (Figure 4) were reverse transcribed using downstream
primers DB 66 and DB 95 and amplified by PCR with upstream
primer DB 46 (Table 1). Two ¢cDNA fragments at the 5’ end 264
and 255 bp (Figure 4) were amplified by 5 RACE (Frohman,
1993) using forward primer dT;; adapter and reverse primers
DB 80 and DB 73 (Table 1). A cDNA fragment at the 3’ end
(279 bp, Figure 4) was amplified by RT-PCR with forward primer
DB 75 and reverse primer pair dT; adapter/adapter (Table 1).
The five amplified cDNA fragments (Figure 4) were separated
by electrophoresis on agarose gel (2%), stained with ethidium
bromide, eluted from the agarose using spin columns (Sigma,
St. Louis, MO, United States), and further purified on QIAquick
columns (Qiagen, Germantown, MD, United States). The five
cDNA fragments were subcloned and sequenced. The nucleotide
sequence and the deduced amino acid sequence are shown in
Figure 4. The 855 bp cDNA nucleotides encoding 263 amino
acids open reading frame (ORF) with a methionine codon at
position 1 were deposited at the GenBank (accession number
U65412). The N-terminal is hydrophobic and represented a
signal peptide with a cleaving site after A23 (von Heijne, 1986)
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FIGURE 4 | Partial restriction map, cloning and sequencing strategy, and nucleotides sequence, and predicted amino acid sequence of C. quinquefasciatus late
trypsin. The horizontal bar (top) indicates the restriction enzymes position of the 855 bp late trypsin. Horizontal arrows show the PCR fragments that were ampilified,
cloned, and sequenced. Predicted sites of cleavage of the signal peptide and activation peptide are denoted by arrows. The conserved sequence around S218 and
the polyadenylation signal are underlined by single and double lines, respectively. The position of the catalytic triad residues is denoted by a close triangle and the
positions of the six cysteines are marked by close circles. The numbering of the mature enzyme starts at 140 (+1) after the cleavage site of the activation peptide.
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FIGURE 5 | Phylogenetic tree based on multiple alignments according to the Higgins—Sharp algorithm (Clustral 4) of DNAStar v.12. The branching order similarities

that upon cleavage released a trypsinogen with a 16-amino acid
activation peptide. Cleavage at R39 released the active late trypsin
(Figure 4). The mature enzyme residues 140 to 1263 had 224
amino acids and 6 cysteines that could form 3 cysteine bridges.
A consensus polyadenylation signal (AATAAA) was found at
position 820. The specificity pocket sequence was KDAC (amino
acids K211-C214) and the N-terminal IVGG (Figure 4) was
similar to the early C. quinquefasciatus trypsin (Borovsky et al.,
2018). The catalytic active center contained H79, D123, and
S218 and was highly conserved in insect serine proteases (Yan
et al., 1999). A phylogenetic tree, based on the homology of
amino acid sequences of 10 insects (Figure 5) indicated that
C. quinquefasciatus late trypsin was 33% similar with trypsins
of A. aegypti and A. gambiae, 30% similar with Simulium, 20%
similar with Drosophila and Neobellieria, and 16% similar with
human trypsin (Figure 5).

Three-Dimensional Model Analysis

The ribbon diagrams showed the catalytic triad of H79, D123, and
S218 of the pro-trypsin and H40, D84, and S179 for the activated
trypsin (Figures 6A,B). The 10 amino acids around $218 in the
pro-trypsin and S179 in the active trypsin models were conserved
in most of the sequences examined and formed a coil as part of
the active site (Figures 6A,B) and sat at the top of the oxygenation
hole that was located below similar to other published models of
Neobellieria, Drosophila, and Diaprepes trypsins (Borovsky et al.,
1996; Yan et al., 1999). A single helix was found at the C terminus
of both ribbon diagrams. The active site was situated in a
groove between two antiparallel-p-barrel type domains. Domain
1 contained two residues of the catalytic triad, namely H79 and
D123 in the pro-trypsin and H40 and D 84 in the active trypsin,
whereas S218 in the pro-trypsin and S179 in the active trypsin

were in the second domain (Figures 6A,B). These features were
also similar in the Neobellieria and Drosophila models (Borovsky
et al., 1996; Yan et al., 1999) and had been reported in models of
other trypsins and chymotrypsins which were based on X-ray-
diffraction data (Blow, 1976; Branden and Tooze, 1991). The
molecular surface of C. quinquefasciatus activated trypsin showed
a central groove containing the catalytic triad H40, D84, and S179
of the enzyme, illustrating the separation of H40 and D84 from
S179 into two domains as mentioned above (Figure 6C).

Comparison Between the Levels of
Trypsin and Its Transcript After the Blood
Meal

Female C. quinquefasciatus were fed a blood meal and at intervals,
guts were assayed for the amount of the late trypsin in the
mentioned body part (Borovsky and Schlein, 1988). At 8 h after
the blood meal, the female gut contained 100 ng of trypsin. The
amount of trypsin in the gut at 24 h was 325 ng reaching a
maximum between 32 and 42 h of 480-510 ng and then declined
rapidly to 110 ng at 54 h and disappeared at 72 h (Figure 7A).
Northern blot analysis was carried on gut epithelial cells at
different times after the blood meal (4, 30, 50, and 60 h) and
compared with sugar-fed female gut epithelial cells (control).
A single RNA band below 1.35 kb was detected at 4, 30, and
50 h after the blood meal. No trypsin transcript was detected
in the guts of sugar-fed females or females that were analyzed
at 60 h (Figure 7B). A heavy transcript band was detected at
30 h and lower bands at 4 h and 50 h (Figure 7B), indicating
that the amounts of trypsin transcript in the gut epithelial cells
and trypsin in the gut were correlated. When the amount of
trypsin in the gut rapidly declined at 50 h, the trypsin transcript
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FIGURE 6 | Ribbon-drawn diagrams showing the organization C. quinquefasciatus late trypsin. (A) Pro-trypsin in two domains delineating a central groove that
contains the catalytic triad H79, D123, and $218 of the enzyme. The C-terminal part of the activation peptide (AP) is colored red and the coordinated Ca2*+ is
colored green. (B) Ribbon diagram showing the organization of the mature trypsin with the catalytic triad H40, D84, and S179 of the enzyme. The N (N) and C (C)
terminals of the pro-trypsin and mature trypsin are shown. (C) Molecular surface of the mature trypsin showing the central groove containing the enzyme catalytic
triad H40, D84, and S179. The model is similarly oriented as in (B) and the coordinated Ca?t is colored yellow.

also decreased and no trypsin transcript was found at 60 h or in
sugar-fed controls (Figures 7A,B).

Effect of Trypsin Modulating Oostatic
Factor on Inhibition of Trypsin
Translation in the Gut

Our results showed that the late trypsin activity in the gut was
closely correlated with the amount of TMOF circulating in the
hemolymph of female C. quinquefasciatus after the blood meal
(Figure 1). Injections of different amounts of TMOF into female
C. quinquefasciatus inhibited the translation of the late trypsin
transcript in the gut epithelial cells and caused a significant
reduction in the amount of trypsin in the gut when compared

with controls that were injected with water even though the
trypsin transcript was equally synthesized by the gut epithelial
cells (Figures 8A,B). Analysis of the results using unpaired
two-tailed t-tests showed that the injected females synthesized
significantly (p < 0.05) less trypsin than water-injected controls
(Figure 8B). At concentrations that were similar to TMOF
concentrations circulating in the hemolymph, injection of TMOF
0.025 i and 0.05 g inhibited trypsin in the gut by 72 and
78%, respectively, as compared with the water-injected control
group (Figure 8B). One-way ANOVA of the TMOF and water
injected groups confirmed that all the means were significantly
different from each other (p < 0.0001, n =9, F38.98, R = 0.9454).
These results indicated that TMOF inhibited the translation of
the trypsin message in the gut epithelial cells.
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FIGURE 7 | Culex quinquefasciatus late trypsin amounts and trypsin transcript
in the gut at different times after the blood meal. (A) Trypsin amounts (ng/gut)
were followed in the gut after the blood meal (Borovsky and Schlein, 1988).
The results are expressed as means of three determinations + SEM.

(B) Northern blot analysis of the late trypsin transcript in the gut epithelial cells
at different times after the blood meal and in sugar-fed female gut epithelial
cells (S). Actin was run as a control to show equal transfer and the analysis
was repeated two times showing similar results.

DISCUSSION

The late trypsin of C. quinquefasciatus was cloned, characterized
and its translational control by TMOF was studied. The late
trypsin activity was detected 4 h after the blood meal reaching
a peak between 30 and 40 h and disappeared after 58 h
(Figure 1A). TMOF is the decapeptide that controls trypsin
biosynthesis in mosquitoes and other insects (Borovsky, 1988;
Borovsky et al., 1996, 2006). TMOF titer was first detected
in the hemolymph at 20 h and increased to a maximum
between 50 and 60 h in concert with a rapid decline of trypsin
activity in the gut after 44 h (Figure 1). These observations
indicated that as TMOF concentration in the hemolymph
increases, trypsin activity rapidly declines. A TMOF receptor
was located by cytoimmunohistochemistry, cloned, sequenced,
and characterized from mosquito gut epithelial cells (Borovsky
et al, 1994a, 2021). The TMOF gut receptor is an ABC
importer allowing TMOF to enter the gut epithelial cells from
the hemolymph and to control trypsin biosynthesis in the
epithelial cells. To determine the amino-terminal sequence of
the late C. quinquefasciatus trypsin cDNA, we purified the
enzyme using DEAE chromatography followed with affinity and
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FIGURE 8 | Comparison between C. quinquefasciatus late trypsin transcript
and trypsin amount in the gut after injection of TMOF to blood-fed females
and analyzing the guts at 30 h. (A) Northern blot analysis of the late trypsin
transcript in gut epithelial cells after injecting different amounts of TMOF
(0.025 to 50 ng). Water injection was used as a control and actin to show
transfer in all the lanes. The Northern blot was repeated twice showing similar
results. (B) Trypsin amounts (ng/gut) of gut epithelial cells that were injected
with different amounts of TMOF or water control as in (A). Results are
expressed as means of 3 determinations + SEM. Significant differences
between different amounts of injected TMOF and water control (p < 0.05)
were denoted by a combination of two small letters (a,i; b,i; ¢,i; d,i; e,i; ,i; g,i;
h,i). Significant differences in trypsin biosynthesis after injecting different
amounts of TMOF into female C. quinquefasciatus (a, b, ¢, d, e, f, g, h, and i)
were determined using one-way ANOVA (p < 0.0001, n =9, F38.98,

R =0.9454). (C) The ratios of the trypsin/actin transcripts in (A) after injecting
different amounts of TMOF into C. quinquefasciatus were plotted and
compared with injections of water control.

Cis reverse-phase HPLC (Borovsky et al, 1996). N-terminal
sequencing after HPLC analysis detected a 19 amino acid
sequence (IVGGFEIDILEVPYQISLQ) in which the first 6 amino
acids at the N-terminal were similar to the C. quinquefasciatus
early trypsin (Borovsky et al, 2018), and the first 5 amino
acids at the N-terminal sequence were similar with the
diapause downregulated trypsin-like enzyme in Culex pipiens
that showed amino acid similarity (51%) to the A. aegypti
early trypsin (Robitch and Denlinger, 2005).The late trypsin of
C. quinquefasciatus is most active at alkaline pH of 8, 9, and 10.4
(Figure 3), indicating that the pH of C. quinquefasciatus gut is
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probably alkaline as was shown for D. abbreviatus, H. armigera,
and H. virescens (Johnston et al., 1991, 1995; Yan et al., 1999).

To study the properties of the C. quinquefasciatus late trypsin,
a full-length ¢cDNA that encoded the trypsin was sequenced.
Degenerate primers (DB 46 and DB 66) from these two regions
were designed (Table 1) using the N-terminal sequence that was
obtained after three-step column chromatography and sequence
similarity around the serine residue in the active site pocket
(Figure 4). A cDNA band (592 bp) was identified by agarose
gel electrophoresis, purified, sequenced, and used to construct
primers to be used for 3’ and 5 RACE (Frohman, 1993),
amplifying the cDNA up to the poly(A) tail (Figure 4). The
deduced amino acid sequence that encoded a proenzyme of
263 amino acids (M, 28,320) was longer than was reported
for trypsins from N. bullata, M. sexta, and D. abbreviatus
(Peterson et al.,, 1994; Borovsky et al.,, 1996; Yan et al., 1999).
It contained a signal peptide of 23 amino acids with a cleavage
site between A23 and R24 that liberated a trypsinogen with 16
amino acid activation peptides (Figures 4, 6A). For the early
trypsin of C. Quinquefasciatus, a 21 amino acid activation peptide
was suggested, whereas for A. aegypti, D. melanogaster, and
N. bullata, 10-6 amino acid activation peptide was suggested
(Barillas-Mury et al., 1991; Borovsky et al., 1996; Noriega et al,,
1996). C. Quinquefasciatus late trypsin has an even number of
cysteines (six), whereas C. quinquefasciatus early trypsin has
an uneven number of cysteines (seven) similar to the early
trypsin of A. aegypti (Kalhok et al., 1993; Borovsky et al., 2018).
C. quinquefasciatus late trypsin has positively charged amino
acids (9 arginines and 6 histidines) and negatively charged amino
acids (12 aspartic acids, 21 glutamic acids, 7 cysteines, and 9
tyrosines) (Figure 4). The multiple-sequence alignment shows
that the amino acid sequence of the C. quinquefasciatus late
trypsin has 30.4% similarity with the early trypsin and 33%
similarity to the trypsin 3 of A. aegypti and lower similarities with
human trypsin 1 (10.9%) (Figure 5). The three-dimension built
model of C. quinquefasciatus exhibited the antiparallel-p-barrel
characteristic of the chymotrypsin superfamily that included
trypsin, chymotrypsin, elastase, and thrombin (Branden and
Tooze, 1991) and was shown in three-dimension models for
C. quinquefasciatus early trypsin and Neobellieria trypsin (Yan
et al., 1999; Borovsky et al., 2018).

The late trypsin of C. quinquefasciatus was stimulated by the
blood meal, wherein 8 h after the blood meal, 100 ng of the
late trypsin was found in the gut of female C. quinquefasciatus.
The Northern blot analysis corroborated this result showing
a faint trypsin band of the late trypsin even earlier at 4 h
(Figures 7A,B). Our Northern probe (294 bp amplicon; Table 1)
was made specific by starting 30 nucleotides before the ATG
signal (Supplementary Material) and, thus, was not similar
to the C. quinquefasciatus early trypsin sequence (accession
number AY029276; Borovsky et al., 2018). Indeed, Northern
blot analysis of gut epithelial cells of sugar-fed females did not
show a band after probing the blot with the radioactively labeled
probe (Figure 7B). A faint band was observed at 50 h and no
band at 60 h. Our actin probe showed that the transfer was
equal throughout the lanes suggesting that the late trypsin is not
synthesized at that time in agreement with our earlier results

showing no enzyme activity in the gut and maximal TMOF
concentration in the hemolymph (Figure 1). These observations
suggested that TMOF modulates trypsin biosynthesis in the
gut as was shown in mosquitoes and Neobellieria (Borovsky
et al., 1990, 1993, 1994b, 1996; Bylemans et al.,, 1994; De Loof
et al., 1995). Injection of different concentrations of TMOF
(0.025-50 jug) prevented the translation of the trypsin transcript
and the synthesis of trypsin by the mosquito gut at 30 h as
compared with controls that were injected with water (Figure 8).
TMOF did not cause a reduction of the trypsin transcript by
stimulating, for example, nucleases (Schoenberg and Maquat,
2012; Figure 8A). The level of the trypsin transcript, after
physiological concentrations of TMOF (0.025 and 0.05 pg)
were injected, was much higher than the trypsin transcript
of the control. To compare between the trypsin and actin
transcripts after the injections of different amounts of TMOF
the trypsin and actin transcripts intensities on the Northern
blot were scanned and the ratios were calculated to eliminate
uneven transfer of the actin bands. Indeed, in all cases, the
trypsin/actin ratio is several-fold higher than the control, and
after injecting physiological amounts of TMOF (0.025 and
0.05 pg) the differences are 2.8- and 4-fold, respectively higher
as compared with the water injected control (Figure 8C).
These results indicated that after injecting TMOF to blood-fed
female C. quinquefasciatus and although the gut epithelial cells
synthesized higher amounts of the trypsin transcript, the amount
of trypsin that was translated by the epithelial cells after injecting
TMOF (0.025 and 0.05 pg) was three- and fourfold lower,
respectively, than after water injection (control) (Figure 8B).
Similar results were found when 50 pg TMOF a 2,000-fold
higher amount that is circulating in the hemolymph was injected
(Figures 1A, 8B,C). TMOF did not cause a decrease in the
trypsin transcript abundance in the midgut epithelial cells by
inducing exonucleases that caused mRNA decay (Schoenberg
and Maquat, 2012). We searched the C. quinquefasciatus genome
at NCBI' to find out if all the enzymes that regulate mRNA
decay could be located in the C. quinquefasciatus transcriptome.
Indeed, PARN the exonuclease that shortened the poly(A) tail by
the deadenylase poly(A) ribonuclease (LOC6051824) was located
on chromosome 3. Decapping enzyme that hydrolyzes the cap
(LOC6045051) was found on chromosome 2. The enzymes that
degraded the body of the mRNA from the 5’ to 3’ XRN1 (LOC
6039697 and LOC 6047830) was located on chromosomes 3
and 1, respectively, including the exosome complex exonuclease
RPP44 (LOC6035404) which was located on chromosome 1 that
degraded the mRNA from 3’ to 5'. Since the whole exonuclease
decay pathway was found in C. quinquefasciatus genome, and
since our Northern blot analysis (Figure 8A) indicated that
the message has not been hydrolyzed by the exonuclease decay
pathway, it was highly likely that TMOF affected directly or
indirectly the translation of trypsin in the gut epithelial cells.
Translational control had been reported for ferritin, transferrin
receptor, ribonucleotide reductase, heat shock proteins, tubulin,
and oocyte protein, to name a few (Lindquist, 1986; Berry et al,,
1988; Yen et al., 1988; Theil, 1990; Sachs and Wahle, 1993).

'https://www.ncbi.nlm.nih.gov/search/all/?term=Culex%20quinquefasciatus%20
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More work is currently in progress in our laboratory to find
out how TMOF modulates the translation of C. quinquefasciatus
transcript in the gut epithelial cells.
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