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a b s t r a c t 

Hexokinase II (Hxk2) is a master protein in glucose-mediated transcriptional repression signaling pathway. De- 
grading Hxk2 through an auxin-inducible protein degradation previously doubled sesquiterpene (nerolidol) pro- 
duction at gram-per-liter levels in Saccharomyces cerevisiae . Global transcriptomics/proteomics profiles in Hxk2- 
deficient background are important to understanding genetic and molecular mechanisms for improved nerolidol 
production and guiding further strain optimization. Here, proteomic responses to Hxk2 depletion are investi- 
gated in the yeast strains harboring a GAL promoters-controlled nerolidol synthetic pathway, at the exponential 
and ethanol growth phases and in GAL80 -wildtype and gal80 Δ backgrounds. Carbon metabolic pathways and 
amino acid metabolic pathways show diversified responses to Hxk2 depletion and growth on ethanol, including 
upregulation of alternative carbon catabolism and respiration as well as downregulation of amino acid synthesis. 
De-repression of GAL genes may contribute to improved nerolidol production in Hxk2-depleted strains. Seven- 
teen transcription factors associated with upregulated genes are enriched. Validating Ash1-mediated repression 
on the RIM4 promoter shows the variation on the regulatory effects of different Ash1-binding sites and the syner- 
gistic effect of Ash1 and Hxk2-mediated repression. Further validation of individual promoters shows that HXT1 

promoter activities are glucose-dependent in hxk2 Δ background, but much weaker than those in HXK2 -wildtype 
background. In summary, inactivating HXK2 may relieve glucose repression on respiration and GAL promoters 
for improved bioproduction under aerobic conditions in S. cerevisiae . The proteomics profiles provide a better 
genetics overview for a better metabolic engineering design in Hxk2-deficient backgrounds. 
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. Introduction 

Engineering microbes promises a future for the economical and
ustainable production of biofuels, biochemicals, and many other
iobased products [1–4] . The budding yeast Saccharomyces cerevisiae

as been used as a common chassis organism with the advantages
f well-characterized genetics and easiness of genetic modification.
hrough metabolic engineering and synthetic biology, yeast cells have
een intensively engineered for the production of many heterologous
hemicals, superior to traditional production routes such as extraction
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f plant and animal materials and synthesis from petroleum-derivative
recursors [5–8] . Further efforts toward maximal production are un-
oubtedly interesting but challenging. Previous genetic modifications
ay dramatically interfere with global gene expression. Profiling such

enetic responses may leverage better metabolic engineering designs in
ext-round metabolic engineering [9] . 

Natural S. cerevisiae metabolizes excess glucose into ethanol in
erobic conditions through a respiro-fermentative metabolism, and
thanol can then be re-utilized through respiration [ 10 , 11 ]. This
etabolic pattern is known as diauxic growth, and aerobic ethanolic
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Fig. 1. Overview of proteomic responses to auxin-induced hexokinase II depletion (dHxk2) in the yeast engineered with the nerolidol synthetic pathway. (a) Genetic 
regulation on the nerolidol synthetic pathway. Gal80p, galactose-inducible gene repressor; Mig1p, glucose-dependent gene repressor. (b & c) Normalized abundance 
of Hxk2 and reference actin protein (Act1) in gal80 Δ background and GAL80 -wildtype backgrounds. (d) Total numbers of discovered proteins during proteomic 
analysis. (e & f) Clustering analysis and Gene Ontology (GO) enrichment analysis of the proteins with significant abundance change (|fold-change| ≥ 2 and p 
value ≤ 0.05 in any comparison : HXK2-ETH/HXK2-EXP, dHxk2-EXP/HXK2-EXP, dHxk2-EXP/dHxk2-ETH, and dHxk2-ETH/HXK2-ETH). Biological processes with 
enrichment factor > 10 are summarized. Yeast cells were grown in yeast nitrogen base medium with 20 g L − 1 glucose and 100 mM 2-(N-morpholino)ethanesulfonic 
acid-ammonia buffer (pH = 6.0). EXP, exponential growth phase (OD 600 ∼ 2); ETH, ethanol growth phase (when OD 600 ∼10); HXK2, HXK2 wildtype; dHxk2, Hxk2 
depleted through the auxin-inducible protein degradation mechanism (a); Mito, mitochondrial. Data in c have been published previously [21] . N = 3 replicates in 
the GAL80 batch and N = 4 replicates in the gal80 Δ batch. 
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ermentation is known as overflow metabolism or the Crabtree effect.
iauxic growth and overflow metabolism are regulated through glu-
ose repression mechanisms. Through these mechanisms, alternative
atabolic genes are repressed in the presence of excess glucose and
nduced upon glucose depletion [ 11 , 12 ]. In metabolically engineered
erpene-producing S. cerevisiae strains, the galactose-inducible ( GAL )
romoters, being auto-inducible upon glucose depletion in the GAL
2 
epressor gene gal80 Δ background, are used to control terpene synthetic
enes ( Fig. 1 a) [13–15] . This contributes to improved cell growth in
he exponential growth phase and to improved overall production,
ue to the induced higher expression output in the post-exponential
rowth phase, in comparison to using “constitutive ” promoters [ 16 , 17 ].
iming to alleviate glucose repression on GAL promoter activities
nd respiration [18–20] , we introduced an auxin-inducible protein
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egradation mechanism to deplete hexokinase II (Hxk2) specifically
pon auxin addition [21] . Hxk2 depletion improved trans-nerolidol (a
esquiterpene) production by ∼2-fold to 3.4 g L − 1 in flask cultivation.
reviously, the global genetic responses to Hxk2 deletion were inves-
igated through a cDNA-Affymetrix Array global transcriptomics assay
 22 , 23 ] and an 84-protein proteomic analysis in wild-type CEN.PK
ackground strain [20] . Profiling global proteomics responses would be
mportant for a better understanding of the effects of Hxk2 disruption. 

In metabolic engineering, hijacking and rewiring glucose regulatory
echanisms are common engineering strategies for improved produc-

ion of non-ethanolic products, including terpenoids, fatty acids, and
any other small molecules [24–26] . Apart from glucose-triggered au-

oinduction of GAL promoters in gal80 Δ background and Hxk2 deple-
ion/deletion, other strategies have been successful in many cases. For
xample, deletion of REG1 , by encoding an Hxk2/Snf1 glucose repres-
ion pathway regulator, can increase biomass production and glycolic
cid production [27] . Deletion of the downstream transcriptional re-
ressor gene MIG1 can also relieve glucose repression on GAL promoter-
ontrolled pathways [ 28 , 29 ]. In non-ethanol-producing (Crabtree neg-
tive) pyruvate decarboxylase-deficient S. cerevisiae , the internal muta-
ion in the negative regulator Mth1 in Snf3/Rtg2 glucose signaling path-
ay is important to rendering the growth phenotype and for improved
roduction of non-ethanolic products [30] . The Mth1/Rtg1 -regulated
XT1 promoter showed decreased activities upon glucose depletion

31] . It has been used to control essential and flux-competing enzymes
o redirect metabolic flux from growth metabolism to target metabolite
ynthesis [32–34] . Glucose regulatory pathways in S. cerevisiae are in-
erwoven [ 35 , 36 ]. Hxk2 was shown to be involved in the regulation of
everal Mth1/Rgt1-regulated genes [ 37 , 12 ]. This crosstalk may cause
he HXT1 promoter to be less effective in restraining flux-competing en-
yme expression in metabolic engineering. 

In this study, we performed global proteomic analysis in HXK2-

ildtype and Hxk2 -depleted strains that are engineered with nerolidol
ynthetic pathways. It includes two batches of analysis: (1) in GAL80 -
ildtype background with repressed nerolidol synthesis, and (2) in

al80 Δ background with highly active nerolidol synthesis. The impacts
f Hxk2 depletion on metabolic gene expression were elaborated in the
xponential growth phase and the ethanol growth phase. Transcription
actor enrichment analysis was used to propose the transcription factors
hat might be subjected to Hxk2-dependent or Hxk2-independent reg-
lations. Specific promoters were further characterized to validate the
roteomic analysis. 

. Materials and methods 

.1. Plasmid and strain construction 

Yeast strains and plasmids are listed in Supplementary Table 1.
rimers are listed in Supplementary Table 2. Plasmid cloning and strain
onstruction are described in Supplementary Table 3. 

.2. HPLC-MS/MS-based proteomics assay 

Yeast cells were grown in a YNB-MES-glucose medium (6.9 g L − 1 

east nitrogen base without amino acids, FORMEDIUM#CYN0402; and
0 g L − 1 glucose), in which 100 mM 2-(N-morpholino)ethanesulfonic
cid (MES) was added and pH was adjusted to 6 using ammonium
ydroxide. MES buffer is used to maintain the pH above 5 across the
hole flask cultivation [17] . For collecting cells for LC-MS/MS-based
roteomics analysis, yeast cells were first grown overnight to the ex-
onential phase (OD 600 between 1 and 4) in 125 mL Erlenmeyer flasks
ontaining 15 mL YNB-MES-glucose medium. For the strains subjected
o Hxk2 depletion, a synthetic auxin analog, 1-Naphthaleneacetic acid
NAA) dissolved in 100% ethanol, was added to a final concentration
f 1 mM in the medium. Overnight cell cultures were then inoculated
nto 30 mL fresh YNB-MES-glucose medium to an initial OD 600 of 0.2 in
3 
50 mL flasks and grown for 48 h at 30 °C in a 200 rpm shaking incu-
ator. For the cells with Hxk2 depletion, NAA was added again at 0 h
o a final concentration of 1 mM. Cells were collected when OD 600 was
t around 2 (exponential growth phase) and above 10 (ethanol growth
hase at 48 h). Collected cell samples were washed three times with
hosphate-buffered saline and stored at − 80 °C. 

LC/MS/MS label-free proteomics were performed at Metabolomics
ustralia (Queensland node) and Bioplatform Australia. To prepare di-
ested peptides for LC/MS/MS identification and quantification, a S-
rap TM Mini Spin Column Digestion Protocol was used. A total of 20 𝜇L
f eluted peptides was loaded and analyzed using an LC/MS/MS system.
he peptides were analyzed by liquid chromatography-mass spectrome-
ry. The HPLC system was an Ultimate 3000 RSLCnano (ThermoFisher,
ermany). An aliquot of 2 μL sample was injected onto a trap column
sed for online desalting and washed at 20 μl/min prior to a resolving
18 nanoEaseTM M/Z CSH c18 1.7 μm (300 μm x 100 mm) column (Wa-
ers) using a 60 min gradient of 8%–95% acetonitrile in 0.1% formic acid
t 300 μL/min flow rate. The eluted peptides were electro-sprayed into
 Thermo Orbitrap Q Exactive HF Hybrid Quadrupole-Orbitrap Mass
pectrometer (ThermoFisher, USA). The MS parameters were for MS1
 resolution of 60,000 with scan range at 100–800 m/z . For MS2, the
solation window was 2.0 m/z , the TopN at 40, resolution at 75,000,
he nAGC target at 1e6 and the max IT 40 ms. The post analysis was
erformed against the yeast database using the ThermoFisher Proteome
iscoverer software (version 2.4). 

.3. Proteomics data analysis 

Proteomics data, including normalized protein abundances (the sums
f all protein abundances in each replicate are normalized to an equal)
nd grouped protein abundances (the sums of the normalized abun-
ances of each protein under four comparison conditions equal to 400),
ere exported by ThermoFisher Proteome Discoverer software; and
ere processed using Microsoft Excel. The normalized protein abun-
ances were log-transformed with two as the base ( “NULL ” values were
eplaced with “1 ″ for log transformation). Log-transformed values were
sed to calculate fold-changes and two-tailed Welch ’s unequal variances
 -test p -value. Data filtering was performed in Excel. Clustering analysis
as performed using Gene-E (version 3.0.215; Broad Institute of MIT
nd Harvard) using the Kendall’s tau distance method. Enriched biolog-
cal processes were identified through Gene Ontology (GO) enrichment
nalysis through the Gene Ontology website ( http://geneontology.org/ )
sing the Saccharomyces cerevisiae database (a 2021 release) and a
ANTHER 

TM 16.0 engine [ 38 , 39 ]. Regulatory matrixes and transcrip-
ion factor binding sites were retrieved from the Yeastract database
40] . The Saccharomyces Genome Database was used to analyze the
3H4 ribosome sequences [41] . Proteomics data are deposited in Zen-
do (DOI: 10.5281/zenodo.7684067 ). 

.4. Flow cytometry 

A green fluorescent protein (GFP) gene yEGFP was used as a reporter
ene to examine the strength of promoters. The GFP fluorescence was
nalyzed using a flow cytometer (BD Accuri TM C6, BD Biosciences, USA)
17] . Yeast cells were either cultivated in 20 ml tubes or 96-well plates.
NB-MES-glucose medium was used in the cultivation. 

For cultivation in 20 ml tubes, yeast cells were inoculated to an
D 600 of 0.002 in 5 ml MES-buffered SMG media and grown overnight

o the exponential phase (OD 600 around 1) for measuring the GFP fluo-
escence . For cultivation in 96-well plates, yeast cells were inoculated
nto 100 𝜇l SMG media and grown overnight to prepare the seed cul-
ures. The seed cultures were diluted 20 times into 100 𝜇l MES-buffered
MG media (OD 600 around 0.4) and grown for 24 h for measuring the
FP fluorescence at the ethanol growth phase. The seed cultures were
iluted 1000 times into 100 𝜇l MES-buffered SMG media (OD 600 around

http://geneontology.org/
https://doi.org/10.5281/zenodo.7684067
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.008) and grown overnight (around 18 h) for measuring the GFP fluo-
escence at the exponential growth phase (OD 600 around 1 to 2). 

The cultures at the exponential phase were directly analyzed. The
ultures at the ethanol growth phase were diluted ten times using wa-
er before analysis. FSC.H threshold (250,000) was applied to exclude
ebris particles. The GFP fluorescence was excited by a 488 nm laser
nd detected with a 530/20 bandpass filter at the FL1.A channel. The
orward scatter (FSC.A) and the side scatter (SSC.A) were also extracted
nd used to normalize the GFP fluorescence between different samples.
he GFP fluorescence was expressed as the fold of the autofluorescence

n the exponential growth phase cells of strain GH4 [17] or CEN.PK113–
D [42] . 

. Results and discussion 

.1. Overview of proteomics analysis 

We previously introduced a heterologous sesquiterpene ( trans -
erolidol) synthetic pathway in S. cerevisiae CEN.PK2–1C [ 7 , 16 , 21 ].
his pathway comprises eleven enzymes (acetyl-CoA synthase Acs2 ,
ydroxy ‑methylglutaryl-CoA synthase mvaS , hydroxy ‑methylglutaryl-
oA reductases mvaE & HMG2 K6R , 2 × mevalonate kinase Erg12 , phos-
homevalonate kinase Erg8 , mevalonate pyrophosphate decarboxylase
vd1 , isopentenyl diphosphate:dimethylallyl diphosphate isomerase

DI1 , farnesyl pyrophosphate synthase ERG20 , and nerolidol synthase
ES1 ), which are expressed under the control of GAL promoters; and

hree enzymes ( Erg8, Mvd1 , and Idi1 ) under the control of “constitutive ”
romoters ( Figs. 1 a and 2 ). Combining with the deletion of the GAL re-
ressor gene GAL80 , the yeast strain produced ∼1.7 g L − 1 nerolidol.
exokinase II (Hxk2) deletion may relieve glucose repression on GAL

romoters and respiration metabolism and increase biomass production
18–20] . We hypothesized that disrupting hexokinase II (Hxk2) may im-
rove nerolidol production in this strain. We then introduced an auxin
nducible protein degradation mechanism to deplete, which resulted in
he production of ∼3.4 g L − 1 nerolidol, a two-fold improvement [21] .

e previously employed HPLC-MS/MS-based label-free proteomics to
onfirm the depletion of Hxk2 upon auxin addition ( Fig. 1 b) [21] . How-
ver, the whole proteomics data were not analyzed and published. In
his study we further analyzed the samples of this batch of proteomics
nder four conditions: (1) exponential growth phase in HXK2 wild-
ype background (HXK2-EXP), (2) exponential growth phase in Hxk2-
epleted background (dHxk2-EXP), (3) ethanol growth phase in HXK2

ild-type background (HXK2-ETH), and (4) ethanol growth phase in
xk2-depleted background (dHxk2-ETH). In total, 2673 proteins were

dentified with quantitative data ( Fig. 1 d: gal80 Δ). Aiming to get a bet-
er understanding of Hxk2 depletion-mediated genetic and metabolic
esponses, we performed an in-depth data analysis. 

To profile the genetic response in the absence of the metabolic in-
erference of the heterologous nerolidol synthetic pathway, we further
nalyzed the proteomics under the same four conditions in the GAL80 -
ildtype isogenic strains ( Fig. 1 c). In this batch of proteomics, 2866 pro-

eins were identified with quantitative data. The GAL80 batch of data
nd the gal80 Δ batch of data were collected by using two different sets
f HPLC-MS/MS equipment, which vary in the electrospray interface
nd HPLC-column running time. We found that it is not reliable to co-
nalyze them as one batch. We therefore analyzed two batches of data
eparately. Both batches of data share 2322 identified proteins ( Fig. 1 d;
upplementary dataset 1). To validate the proteomics data consistency
n replicate experiments, we performed clustering analysis on the nor-
alized protein abundance data for all samples (Supplementary Fig. 1).
hese samples were split into four clusters, in which the replicates were
lustered together consistently with the four test conditions. To evaluate
he significance of the change, we used Welch ’s unequal variances t -test,
hich is known as having the type-I error (false positive) robustness

43] , to calculate the p value independently. 
4 
We first selected the proteins that showed |fold-change| ≥ 2 and
 value ≤ 0.05 (two-tailed Welch ’s test of log-transformed data) in
ny of the following four sets of comparison: (1) HXK2-ETH/HXK2-
XP, (2) dHxk2-EXP/HXK2-EXP, (3) dHxk2-EXP/dHxk2-ETH, and (4)
Hxk2-ETH/HXK2-ETH. There were 829 proteins selected in the GAL80

ataset and 1424 proteins in the gal80D dataset ( Fig. 1 e and f).
he grouped abundance data of the filtered proteins were clustered
nd analyzed through GO biological process enrichment ( Fig. 1 e
nd f). 

Partial de-repression and nearly full de-repression of the expression
f some proteins were shown in EXP-dHxk2 conditions. For partial de-
epression, proteins from the tricarboxylic acid (TCA) cycle and the
athways for glycogen synthesis, glyoxylate metabolism, and respira-
ory metabolism were enriched in GAL80 background ( Fig. 1 d: cluster
2 & U3), and proteins from the pathways for glycogenesis and tre-
alose/disaccharide metabolism were enriched in gal80 Δ background
 Fig. 1 f: clusters U2 & U3). For full de-repression, proteins involved in
itochondrial respiration, ATP synthesis, and protein expression were

nriched in GAL80 and gal80 Δ background ( Fig. 1 e and f: clusters U1,
4, & U6). In the gal80 Δ background, the proteins enriched for iso-
renoid synthesis are the proteins from the engineered nerolidol syn-
hetic pathway. This confirmed that the depletion of hexokinase II lifts
lucose repression on GAL promoters-controlled heterologous synthetic
athway. It also indicated that upregulated expression of mitochondrial
espiration machineries relates to the de-repression of respiration in
xk2 Δ background, i.e., improved growth during the ethanol growth
hase [21] . 

In EXP-dHxk2 conditions, proteins involved in amino acid synthesis
howed decreased abundance ( Fig. 1 e and f: cluster D1, D3, D4, & D5).
here were more down-regulated proteins in the gal80 Δ background
han in the GAL80 background, including cluster D1 in the gal80 Δ back-
round ( Fig. 1 f) vs. cluster D1 in the GAL80 background ( Fig. 1 e). Down-
egulated glycolytic proteins were enriched in the gal80 Δ background
 Fig. 1 f: cluster D1) but not in the GAL80 background. 

.2. Responses of carbon metabolic pathways to HXK2 depletion and 

rowth on ethanol 

Deletion of HXK2 can cause a series of metabolic effects, including
ecreasing fermentation capacity on glucose [23] , increasing fermen-
ation capacity on maltose [23] , enabling simultaneous utilization of
lucose and galactose, increasing respiratory tricarboxylic acid (TCA)
ycle activities [20] , and 2-fold improvement of nerolidol production
n metabolically engineered yeasts [21] . Here, we illustrate the relative
bundance of the proteins from the relevant carbon metabolic pathways
 Fig. 2 ). 

The proteomics responses to Hxk2 depletion on glucose (EXP)
howed many consistencies with the previous transcriptomics stud-
es [ 22 , 23 ], including upregulated expression of the tricarboxylic acid
ycle and electron transport train components ( Fig. 2 ). There were
ome differences, such as Fbp1, and Pck1. This may be due to dif-
erent cultivation conditions, different background strains, and other
xperimental conditions. Consistent with a previous study [44] , Hxk2
epletion upregulated other hexokinases (Glk1, Hxk1, and Emi2).
atabolic proteins for the utilization of alternative carbon sources, in-
luding sucrose, maltose (in gal80 Δ background), sorbitol, and galac-
ose (in gal80 Δ background) showed upregulation. Double deletion of
XK2 and HXK1 enabled invertase Suc2 expression [45] . Consistent
ith another previous study [46] , depletion of Hxk2 alone may de-

epresses Suc2 expression ( Fig. 2 ), Hxk2 depletion only slightly in-
reased the proteins from trehalose and glycogen metabolism in the
resence of glucose, and glucose depletion was important for their
e-repression. 

The abundance changes of hexose transporters had different pat-
erns, including glucose-dependent expression of Hxt1 and Hxt3, and
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Fig. 2. Relative protein abundances in the carbon hydrate metabolic pathways, the tricarboxylic acid cycle, respiratory electron transfer train, and the terpenoid 
synthetic pathway. GAL promoters are used to control the expression of underlined proteins. Arrow colors: purple, alternative carbon hydrate utilization; cyan, 
glycolysis; yellow, ethanol/acetyl-CoA related metabolism; green, engineered nerolidol synthetic pathway; red, the citric acid cycle. Mean, the mean value of grouped 
protein abundance; CV, the coefficient of variation; N = 3 replicates in the GAL80 batch and 4 replicates in the gal80 Δ batch. Ex., extracellular. Note 1: proteins in 
two or three biological replicates are not found, and the coefficient of variation (CV) is not available. 
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lucose repression on Hxt5, Hxt6, and Hxt7. Hxk2 depletion led to
4-fold decrease in Hxt1 protein abundance ( Fig. 2 : in gal80 Δ back-
round; not detected in two biological replicates in GAL80 background)
nd > 7-fold increase in the abundance of Hxt2 and Hxt4 in the expo-
ential growth phase ( Fig. 2 ). These were consistent with the changes
n their promoter activities in the hxk2 Δ background [47] . This con-
istency may validate the reliability of proteomics data in the current
tudy. 

In the nerolidol synthetic pathway, proteins are expressed under
he control of GAL promoters ( Fig. 2 : Acs2, MvaS, mvaE, Hmg2 K6R ,
rg12, Erg8, Mvd1, Idi1, Erg20, and Nes1). Hxk2 depletion induced
heir expression levels in the gal80 Δ background. Previously, a fluo-
escent protein reporter ( Y-FAST ) was expressed together with Nes1 un-
er the control of the GAL2 promoter [21] . Y-FAST fluorescence at the
ingle-cell levels was typically consistent with its protein abundance.
he GAL promoter-controlled nerolidol synthetic pathway enzymes as
ell as the enzymes from the endogenous galactose utilization pathway
 Fig. 2 : Gal2, Gal1, Gal3, Gal10, and Gal7) had increased abundance
n response to Hxk2 depletion during the exponential growth phase and
he ethanol growth phase, consistent with the improved production dur-
ng both phases [21] . These data validate our previous hypothesis that
xk2 depletion may upregulate the GAL promoter-controlled pathway
nd may explain the improved nerolidol production caused by Hxk2
epletion. 

In Hxk2-depletion conditions, Hxt1p abundance was maintained at
imilar levels in the exponential growth and ethanol growth phases.
xt1 abundance on ethanol growth was ∼15-fold higher in the Hxk2
epletion background than in the HXK2 -wildtype background. This sug-
ests that the HXT1 promoter is not suitable for dynamic gene expression
ontrol in metabolic engineering in Hxk2-depleted/ hxk2 Δ background.
n the Hxk2 depletion background, Hxt3 abundance showed a ∼40-fold
ecrease in ethanol in the GAL80 -wildtype background and a ∼5-fold de-
rease in the gal80 Δ background. This indicates that the Hxt3 promoter
an also be used as a dynamic control in an Hxk2-depleted background,
s shown previously [48] . 

Proteins in the tricarboxylic acid (TCA) cycle are either induced by
xk2 depletion or induced in the ethanol growth phase. Most mito-
hondrial respiratory electron transfer chain proteins are induced by
xk2 depletion, including the Cox2 that is encoded in the mitochon-
rial genome. The components for mitochondrial translation machiner-
es showed increased protein abundance in response to Hxk2 depletion
r growth on ethanol (Supplementary Fig. 2). This shows that Hxk2
epletion upregulates mitochondrial functions. Mitochondria are im-
ortant subcellular organelles for engineering heterologous biosynthetic
athways [49] . Upregulated TCA cycles, respiration, and mitochondrial
xpression can be harnessed for mitochondrial metabolic pathway opti-
ization. 

For the major isoenzymes in the glycolytic pathway (Pgi1, Pfk1,
fk2, Fba1, Tpi1, Tdh3, Pgk1, Gpm1, Cdc19, and Pdc1; except of Eno2),
rotein abundances were stable in the four test conditions in the GAL80 -
ildtype background ( Fig. 2 ). In the gal80 Δ background, Hxk2 deple-

ion resulted in decreased abundance for Tdh3, Pgk1, Gpm1, Eno2,
nd Cdc19 in the exponential growth phase (fold-change > 2; p <

.05). Previous work had shown that Hxk2 depletion caused slower
rowth in the gal80 Δ nerolidol-producing strain [21] . It is not certain
hether downregulation of glycolytic pathway enzymes is related to the
etabolic burden caused by overexpression of the nerolidol synthetic
athway. 

For downstream ergosterol synthesis, the change patterns for differ-
nt enzymes varied in response to Hxk2 depletion or growth on ethanol.
rg1 abundance decreased in the ethanol growth phase. It is not clear
hether it is regulated by the Erg1 protein degradation mechanism
 50 , 51 ]. Erg4 catalyzes the final step for ergosterol synthesis. In the
al80 Δ background, its protein levels in ethanol-phase cells are ∼20-
r-30-fold higher than those in exponential-phase cells. The regulatory
echanism of this change is also not clear. 
6 
.3. Responses of amino acid metabolic pathways to Hxk2 depletion and 

rowth on ethanol 

GO enrichment showed decreased protein abundance in several
mino acid metabolic pathways in response to Hxk2 depletion ( Fig. 1 d
nd f). Here, we summarized the data for proteins in amino acid
etabolic pathways ( Fig. 3 ). 

In Hxk2-depleted cells, the enzymes from leucine, valine, isoleucine,
nd arginine synthetic pathways showed decreased abundance in GAL80

nd gal80 Δ backgrounds and exponential and ethanol growth phases, in
omparison to that in HXK2 -wildtype cells ( Fig. 3 ). Enzymes for histi-
ine synthesis showed > 2-fold decrease in several conditions, i.e., His4
nd His7 in gal80 Δ background during the exponential growth phase,
is3 in GAL80 background during the exponential growth phase, and
is5 in gal80 Δ background during the ethanol growth phase. Some en-
ymes for the synthesis of other amino acids (i.e., Glt1, Gln1, Ser33,
at1, Aat2, etc.) also showed decreased abundance in response to Hxk2
epletion under several conditions. The abundance of some enzymes
rom the lysine synthetic pathway and the sulfate assimilating pathway
lightly decreased in response to Hxk2 depletion but showed a > 2-fold
ecrease in the ethanol growth phase in comparison to the exponential
rowth phase ( Fig. 3 ). This shows that amino acid synthetic pathways
re downregulated in response to Hxk2 depletion or growth on ethanol.

The enzymes involved in the degradation of glutamate and proline
howed increased protein levels in the ethanol growth phase in com-
arison to the exponential growth phase ( Fig. 3 : Gdh2, Gad1, Uga1,
ga2, and Put2). This suggests that glucose repression is applied to these
mino acid degradation pathways. 

The induction patterns for Uga2 in GAL80 -wildtype and gal80 Δ cells
ere different. In GAL80 -wildtype cells, Uga2 abundance was ∼3-fold
igher in the ethanol-growth phase than that in the exponential growth
hase (not influenced by Hxk2 depletion). In gal80 Δ cells, Uga2 abun-
ance was at similar levels in the ethanol-growth phase (not influenced
y Hxk2 depletion), was ∼2-fold higher than that in the exponential
rowth phase in HXK2 wildtype. Uga2 abundance was ∼12 fold higher
n the exponential phase in Hxk2-depleted cells than in HXK2 -wildtype
ells ( p = 0.001). The divergent patterns were also seen for Lys1 and
ly1. For Gly1: in GAL80 cells, protein abundance increased in response

o Hxk2 depletion and growth on ethanol, and in gal80 Δ cells, protein
bundance decreased. The regulation mechanisms for these change pat-
erns are not clear. 

These data show that the enzymes in amino acid metabolism are
egulated by Hxk2-dependent or Hxk2-independent regulatory mecha-
isms. 

.4. Transcriptional factor enrichment analysis 

The protein expression profiles indicate that there are Hxk2-
ependent and Hxk2-independent mechanisms in the regulation of car-
on hydrate, energy, and amino acid metabolism. To have a better un-
erstanding of regulatory mechanisms, we further performed transcrip-
ion factor enrichment analysis. 

We separately retrieved the regulatory matrixes of the genes listed
n two batches of proteomics analysis from the Yeastract database. The
atrixes include the Boolean data of “documented binding or expression

vidence ” of 207 transcription factors on each gene. To analyze the as-
ociation between each transcription factor and its potential genetic reg-
lation, we calculated the difference in the ratios of upregulated genes
nd downregulated genes in total targets ( Fig. 4 a and b: Δratio). We set
he “upregulated ” and “downregulated ” thresholds as |log 2 fold-change|
 1 and two tailed Welch’s test p value ≤ 0.1. We calculated the Δratio

n the four comparison conditions: (1) in HXK2 -wildtype background,
TH (the ethanol growth phase) vs. EXP (the exponential growth phase),
2) under EXP conditions, dHxk2 (Hxk2-depleted background) vs. HXK2

 HXK2 -wildtype background), (3) in dHxk2 background, ETH vs. EXP,
nd (4) under ETH conditions, dHxk2 vs. HXK2 . These four comparison
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Fig. 3. Relative protein abundances in the amino acid metabolic pathways. Mean, the mean value of grouped protein abundance; CV, the coefficient of variation; 
N = 3 replicates in the GAL80 batch and 4 replicates in the gal80 Δ batch. Note 1: proteins in two or three biological replicates are not found, and CV is not available. 
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onditions may allow the cross-examination of the transcription factor
esponses to Hxk2 depletion and growth on ethanol. The transcription
actors with a | Δratio| ≥ 0.3 are shown ( Fig. 4 a and b). The transcription
actors matching with the filtering conditions are those associated with
he upregulated genes (positive Δratio). 

Through the transcription factor enrichment analysis, the enriched
ranscription factors included Cat8p, Gis1p, Mig1p, Nrg1p, Nrg2p,
tb3p, Sut2p, and Tog1, which had been previously characterized as
he factors important for glucose repression or non-fermentable car-
on source utilization. Other enriched transcription factors were Ash1p,
om2p, Gat4p, Hot1p, Rds1p, Rgm1p, Stp2p, Wtm2p, and Yap6p. None
f these transcription factors responded to Hxk2 depletion during the
thanol growth phase ( Fig. 4 a and b), which might be due to the fact
hat glucose repression, including Hxk2-mediated repression, is relieved
n ethanol. 

Com2p shares some DNA-binding sites with Nrg1p and Gis1p
Yeastract-TF-Consensus list) [52] . Its enrichment is associated with the
pregulation of the proteins in trehalose metabolism (Pgm2, Tps2, and
sl1), glycogen metabolism (Pgm2, Gsy1, Gsy2, and Igd1), mitochon-
7 
rial metabolism (Gpd1, Cit1, Ndi1, Nde1, Atp5), and others such as
ga2 ( Figs. 2 and 3 ). Ash1p is a trans -repressor that works through the
pd3L histone deacetylase complex and regulates HO transcription and
seudohyphal growth [ 53 , 54 ]. Gat4p is involved in spore wall assembly
nd zinc ion starvation [55] . Wtm2p is involved in regulation of meiosis,
esponse to replication stress, and hypoxia [56] . Rgm1 is also involved
n response to hypoxia [57] . 

Hot1 is an important activator in the osmotic stress response HOG
High Osmolarity Glycerol) pathway [58] . Glucose starvation can acti-
ate the HOG pathway, which does not critically depend on Snf1 [59] .
his might help to explain the stronger activation response by Hot1 to
rowth on ethanol in comparison to the response to Hxk2 depletion. Fur-
hermore, Hot1 co-regulates ∼88% target genes, such as HSP12, RTC3 ,
nd ALD3 , together with Ras/cAMP pathway downstream transcription
actors Sko1 and Msn2/Msn4 [60–63] . Hsp12, Rtc3, and Ald3 showed
ncreased abundance in response to Hxk2 depletion in the exponential
rowth phase and in response to growth on ethanol. The Ras/cAMP
athway has a crosstalk with the HOG pathway via Ras2-Cdc42-Ste20
 63 , 64 ]. 
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Fig. 4. Transcription factor enrichment analysis and validation of Ash1-mediated regulation on the RIM4 promoter. (a & b) the ratio difference ( Δratio) of upregulated 
and downregulated targets for enriched transcription factors. The factors with a | Δratio| ≥ 0.3 are shown (Note 1, except of the one with shadow). Note 2, the factors 
in black font and green shadow are activators, and the factors in white font and red shadow are repressors. (c) Regulation by enriched transcription factors on Ash1 
targets that are upregulated in response to Hxk2 depletion in gal80 Δ background and the exponential growth phase. The data for “documented binding or expression 
evidence ” and “Potential ” regulation are retrieved from the Yeastact database. (d) The landscape of the RIM4 promoter structure. (e) Effects of the removal of Ash1 
and Ume6 binding sites on the RIM4 promoter activities in HXK2 and hxk2 Δ background and the exponential growth phase. The numbers at the top of the bars 
are the fold-changes relative to the wildtype (WT) RIM4 promoter in HXK2 -wildtype cells. The numbers in the unfilled bars are the fold-changes of the activities in 
hxk2 Δ cells relative to HXK2 -wildtype cells. 

8 
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Stp2p is the transcription activator in response to extracellular amino
cid through Ssy1p-Ptr3p-Ssy5p (SPS) sensor, which activates the amino
cid permease expression [65] . The high-affinity glutamine permease
ene GNP1 is a Stp2p regulation target. In the gal80 Δ background, it can
nly be detected in Hxk2-depleted cells during the exponential growth
hase. In the same comparison conditions, the fold-change for another
arget Mup1, the high-affinity methionine transporter, is not signifi-
ant. Other amino acid transporters are below the detection limit. In
he GAL80 background, most of amino acid permeases have lower pro-
ein abundance in response to Hxk2 depletion and growth in ethanol.
his may indicate that Stp2 enrichment is not related to the extracellu-

ar amino acid sensing pathway. Upregulated targets of Stp2 in response
o growth on ethanol include amino acid utilization proteins (i.e., Gdh2,
dh3, Bna5, Car2, Gcv1, Gad1, etc.). Carbon starvation inducing amino
cid utilization is a well-known physiological phenomenon. However, it
s not clear whether Stp2 crosstalks with the glucose sensing pathway
o regulate the amino acid utilization pathway. Further investigation is
ecessary. 

Many proteins have decreased abundance in response to Hxk2 de-
letion and growth on ethanol. To investigate the possibility of down-
egulation being associated with certain transcription factors, we re-
alculated the Δratio with decreased thresholds: |log 2 fold-change| ≥
.5 and two tailed Welch ’s test p value ≤ 0.1 (Supplementary Table 4) .
n the GAL80 background, Ifh1p and Lys14p are enriched with a Δratio
 − 0.3. In the gal80 Δ background, additional factors are enriched, in-
luding Asg1p, Fkh2p, Gsm1p, Ime1p, Ndt80p, Ure2p, and Yrm1p. En-
ichment of Lys14p is due to the downregulation of Lys2, Lys4, Lys9,
ys12, and Lys20 ( Fig. 3 ). 

It is challenging to bring more details to the signaling pathways that
ink the triggers (Hxk2 depletion or growth on ethanol) and the protein
xpression changes. The transcription factor enrichment analysis may
ontribute to adding clues to the elucidation of the regulatory pathways.
urther investigation is necessary to confirm the roles of enriched tran-
cription factors and the states of their upstream signaling pathways. 

.5. Hxk2-dependent repression and Ash1-mediated repression on the 

IM4 promoter 

Ash1 is one of the enriched transcription factors that may be as-
ociated with expression upregulation in response to Hxk2 depletion
nd growth on ethanol. Ash1 stability is regulated by cyclin-dependent
ho80-Pho85 kinase complex [66] and Ash1 mRNA translation is reg-
lated by Phd1, which is regulated by the glucose sensors Snf3/Rgt2-
egulated Yck1 kinase [67] and cyclin-dependent Ssn3 (Cdk8) kinase
68] . There were the hypotheses about the interaction of Snf1 regu-
ation with Cdk8 [68] and Pho85 [69] . To investigate the potential
egulatory role of Ash1 in response to Hxk2 disruption, we analyzed
he Ash1 targets that were upregulated in response to Hxk2 depletion
 Fig. 4 c, gal80 Δ batch). According to the regulatory matrix, based on
documented binding or expression evidence ”, RIM4 is the Ash1 target
hat is not regulated by other enriched factors. We therefore chose the
IM4 promoter for further validation. 

In the RIM4 promoter region, there are two H3H4 nucleosomes
41] and the binding sites for Ash1, Mig1, Gis1, Nrg1, and Com2
 Fig. 4 d). This is not consistent with the regulatory matrix data based
n “documented binding or expression evidence ” ( Fig. 4 c). We then re-
etrieved the regulatory matrix based on “Potential ” evidence. Consis-
ently, the “potential ” regulatory matrix indicates that RIM4 is the target
f Mig1, Gis1, Nrg1, and Com2. This indicates that considering the tran-
cription factors based on “potential ” evidence could be important for
he enrichment analysis. We decided to continue to dissect the RIM4

romoter and understand the role of Ash1 in the RIM4 promoter ac-
ivities. Our hypothesis was that if Hxk2 deficiency may relieve Ash1-
ediated repression fully, the RIM4 promoter, and its mutant with all
sh1-binding sites removed would behave similarly in Hxk2-deficient
ells. 
9 
We focused on the Ash1 sites in the nucleosome N56379 region,
rom where the RIM4 transcript starts ( Fig. 4 d). In the nucleosome
56379 region, there is a Ume6-binding site. Ash1 and Ume6 have been

ound being co-active in recruiting the Rpd3 histone deacetylase com-
lex ( Fig. 4 d) [ 70 , 71 ]. Therefore, Ash1 and Ume6 sites were removed
ndividually or combinatorially ( Fig. 4 e). We then cloned the RIM4 pro-
oter and its mutants upstream of the reporter yEGFP gene, and yEGFP
as under the control of the PGK1 terminator [28] . The yEGFP expres-

ion cassettes were integrated at the ura3 locus into CEN.PK113–5D
 HXK2 wildtype) [42] and its hxk2 Δ mutant, separately. The GFP fluo-
escence was measured to indicate the expression outputs from the RIM4

romoter and its mutants ( Fig. 4 e). 
In HXK2 wildtype cells, removing any individual Ash1 site 272 or

48 did not cause a big change in the RIM4 promoter activities, remov-
ng Ume6 site 284 doubled the RIM4 promoter activities, and combi-
atorial removal of the sites 272, 284, and 348 further increased the
romoter activities ( Fig. 4 e). This shows that RIM4 is repressed through
sh1 and Ume6-mediated mechanisms. 

In hxk2 Δ cells, removing Ash1 site 274 did not influence the RIM4

romoter activities, whereas removing Ash1 site 348 increased its activ-
ties by 30% ( Fig. 4 e). This shows that different Ash1 sites have varied
pigenetic effects on repressing the RIM4 promoter. In the absence of
me6 site 284, removing Ash1 site 274 increased the RIM4 promoter
ctivities in hxk2 Δ cells but not in HXK2 -wildtype cells ( Fig. 4 e). De-
epression effect caused by Ash1 site 348 removal is more significant
n hxk2 Δ cells. These indicate the synergistic regulation on the RIM4

romoter by Ash1-mediated repression and Hxk2-dependent repression
echanism, which can function through Mig1 site 298. 

The data in the current work are not sufficient to show whether Hxk2
epletion may alleviate Ash1-mediated repression. A systematic investi-
ation is necessary to validate this hypothesis. However, we confirmed
hat the RIM4 promoter is co-repressed by the Hxk2-dependent mecha-
ism and the Ash1-Ume6-mediated mechanism. 

.6. Regulatory promoters that respond to Hxk2 depletion or growth in 

thanol 

In metabolic engineering, regulatory promoters are used to dynam-
cally control the expression of heterologous genes [ 72 , 17 ]. Gene ex-
ression is regulated at multiple levels. This regulation may influence
he correlation between target protein abundance and the activity of the
romoter that controls the target protein gene transcription. Validating
he activities of the potentially applicable promoters is important for
uture genetic design. Here, we further characterized the activities of
leven promoters in HXK2 -wild background strains and hxk2 Δ back-
round strains ( Fig. 5 a). 

We constructed a new vector system for promoter characterization.
n this system, the yEGFP expression cassettes controlled by the target
romoter and the PGK1 terminator were integrated into the genome and
ubstituted with the whole HML locus. The HML locus was naturally si-
enced through sirtuins-dependent mechanisms [ 73 , 74 ]. The promoter
est would not be influenced by HML -related genome-silencing mecha-
isms, since the whole HML locus was replaced. Three strong constitu-
ive promoters for TDH3, ADH1 , and TEF1 genes were re-characterized
o validate the system. Their strength patterns were consistent with our
revious observations [17] . 

Other promoters were selected according to the protein abundance
esponses in the proteomics data ( Fig. 5 b and Supplementary Fig. 3). For
xample, Tdh1 and Mdh1 abundances increased in response to growth
n ethanol, with no, or moderate responses to Hxk2 depletion. Hxt7
bundance increased in response to either Hxk2 depletion or growth
n ethanol. Met16, Bud20, and San1 abundances decreased in response
o growth on ethanol and did not respond to Hxk2 depletion. Hxt1
bundance decreased in response to either Hxk2 depletion or growth
n ethanol. 
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Fig. 5. Validating the effects of disrupting Hxk2 on the expression of eleven promoters. (a) Promoter characterization in HXK2 -wildtype background and hxk2 Δ
background. (b) Normalized protein abundances in HXK2 -wildtype background and Hxk2-depleted (dHxk2) background from proteomics data in the GAL80 batch. 
The numbers above the bars are the absolute fold-changes. EXP, exponential growth phase (OD600 = ∼ 1 to ∼ 3); ETH, ethanol growth phase (OD600 > 10). As the 
peak is not found, the protein is not identified in LC-MS/MS proteomics samples. Means ± standard deviation are shown ( N = 3); ∗ , N = 2 (found in two out of three 
samples) and means ± absolute errors are shown; and #, N = 1 (found in one out of three samples). 
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The promoter activities and proteomics abundances of the eight se-
ected targets follow the same change patterns ( Fig. 5 a and b). How-
ver, the normalized protein abundances from proteomics data do not
uantitatively align with the fluorescence levels of the yEGFP expressed
nder the control of their promoters ( Fig. 5 and Supplementary Fig. 3).
e found that GFP fluorescence levels have a better correlation with

he square roots of normalized protein abundances (Supplementary Fig.
; R 

2 = 0.85) than with the normalized protein abundances ( Fig. 5 b;
 

2 = 0.77). Such square-root rescaling can make the protein abundance
old-changes into the magnitudes seen through the GFP reporter system.
quare-root transformation has the effects of reducing the skewness of
ata distribution and transforming a non-linear relationship into a lin-
ar one. We are uncertain about whether the square-root transformation
mplies any biological principles. As aforementioned, protein expression
evels are regulated at multiple levels, not only through the transcrip-
ion efficiency of the promoter, but also through the efficiency of the
erminator, mRNA stability, translation efficiency, and protein stability.
he methods for converting mass spectrometry intensities to absolute
rotein abundances also have different effects on data accuracy [75] .
he GFP fluorescence was standardized to the auto-fluorescence at the
ingle-cell levels, while protein abundances of different samples were
10 
tandardized to the equal total sum. These may influence the precise
nterpretation of proteomics data. 

Mdh2 abundances and the GFP expression levels from the MDH2

romoter were low in the cells at the exponential growth phase and
ncreased after the diauxic shift into the ethanol growth phase ( Fig. 5 ).
he fold-changes of the normalized protein abundances is ∼142 ( ∼12 af-
er square-root transformation), whereas the fold-change of the MDH2

romoter strength is ∼5. Glucose-inducible degradation of Mdh2 (half-
ife = 2.8 h on glucose) [76] , may contribute to the larger fold-change at
he protein abundance levels. Larger fold-changes of the protein abun-
ance levels were also seen for Met16 and San1. The San1 protein half-
ife is 3.3 h, which might contribute to the relatively low abundance of
thanol. In comparison, Tdh3 half-life is 13 h, Tef1 10 h, yEGFP 7 h,
nd Adh1 6 h [77] . Protein stability might have an important effect on
he protein abundances examined through GFP fluorescence and mass
pectrometry intensity. 

Hxk2 depletion caused a decrease in Hxt1 abundance during the ex-
onential growth phase. Consistently, the GFP fluorescence from the
XT1 promoter in the hxk2 Δ background was ∼2.9-fold lower than

hat in HXK -wildtype background. This fold-change was slightly larger
han the fold-change caused by growth on ethanol ( ∼2.2 fold; Fig. 5 a).
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s opposed to the protein abundance data, the HXT promoter activ-
ties were still dependent on glucose availability in the hxk2 Δ back-
round. The HXT1 promoter activity in hxk2 Δ strain decreased by ∼4.9-
old in the ethanol growth phase, in comparison with the exponential
rowth phase. This is consistent with the fact that the HXT1 promoter in-
ucer Rgt1 is co-regulated through Hxk2/Snf1-depedent mechanism and
th1-dependent mechanism [78–80] . This indicates that the HXT1 pro-
oter responds to glucose in the hxk2 Δ background and can also be used

s the regulatory promoter for dynamic metabolic control. However, this
rocess needs to be optimized case-by-case so that the decreased expres-
ion from the HXT 1 promoter does not impact the cell growth negatively
hen used to control the expression of essential metabolic genes. 

. Conclusion 

In summary, we elaborated the proteomics responses to Hxk2 de-
letion and growth on ethanol to illustrate Hxk2-dependent and Hxk2-
ndependent genetic regulations in S. cerevisiae . The proteomics data
re consistent with previous classical genetics studies, showing that
xk2 disruption can lift glucose repression on alternative carbon source
atabolism and respiratory metabolism. This validates our previous hy-
othesis that depleting Hxk2 may upregulate GAL promoters-controlled
eterologous synthetic pathways for improved nerolidol production. In
ome scenarios, disrupting HXK2 may be adapted to increase the TCA
ycle and electron transport train functions in metabolic engineering. 

Amino acid anabolic pathways respond to Hxk2 depletion and
rowth on ethanol in a variety of patterns. Branched amino acids
nd arginine synthetic enzymes are downregulated in response to
xk2 depletion, and several lysine synthetic enzymes and sulfate-
ssimilating enzymes are downregulated in response to growth on
thanol but not to Hxk2 depletion. This further supports the hypoth-
sis that there are Hxk2-dependent and Hxk2-independent crosstalk
echanisms between carbon and nitrogen regulatory pathways

 81 , 82 ]. 
Seventeen transcription factors were enriched and found to be asso-

iated with protein expression upregulation in response to Hxk2 deple-
ion and growth on ethanol. They include documented transcription fac-
ors important for glucose repression and additional nine factors, which
unctions in glucose repression are not confirmed. It is challenging to
ring a precise regulatory landscape of these transcription factors to con-
rm their roles in the upregulation responses. The enriched transcrip-
ion factors share common regulatory targets and have many “poten-
ial ” regulatory targets unconfirmed or undocumented. Co-regulation
f multi-factors, epigenetic regulation, epistatic regulation, and post-
ranscriptional regulation, further add the complexity for detailing the
egulatory networks. More shared -omics data, a better genome-scaled
egulatory network model, and an advanced computational capacity,
re all important for a comprehensive analysis of the genetic responses
o genetic or environmental perturbation. 

The genetic responses observed from the proteomics data are consis-
ent with many previous studies [ 46 , 47 , 44 ]. We particularly validated
he activities of the promoters of several regulatory targets. The RIM4

romoter is co-regulated by Hxk2-dependent mechanisms and Ash1-
nd-Ume6-mediated repression. The HXT1 promoter is downregulated
n response to hxk2 deletion, but still exhibits the glucose-dependent
ctivation features in the hxk2 Δ background. Future application of the
XT1 promoter in an Hxk2-depleted or hxk2 Δ background should be
arefully titrated. 
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