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Phosphoproteomic Analysis of Xenopus laevis

Reveals Expression and Phosphorylation

of Hypoxia-Inducible PFKFB3 during Dehydration

Liam J. Hawkins,' Xiaoshuang Wang,? Xiaomin Xue,” Hui Wang,”* and Kenneth B. Storey'**

SUMMARY

Xenopus laevis tolerate dehydration when their environments evaporate during
summer months. Protein phosphorylation has previously shown to regulate
important adaptations in X. laevis, including the transition to anaerobic meta-
bolism. We therefore performed phosphoproteomic analysis of X. laevis to
further elucidate the cellular and metabolic responses to dehydration. Phospho-
proteins were enriched in cellular functions and pathways related to glycolysis/
gluconeogenesis, the TCA cycle, and protein metabolism, among others. The
prominence of phosphoproteins related to glucose metabolism led us to discover
that the hypoxia-inducible PFKFB3 enzyme was highly phosphorylated and likely
activated during dehydration, a feature of many cancers. Expression of the four
transcript variants of the pfkfb3 gene was found all to be upregulated during
dehydration, potentially due to the enrichment of hypoxia responsive elements
in the pfkfb3 promoter. These results further support the role of anaerobic glycol-
ysis during dehydration in X. laevis and elucidate a potential mechanism for its
increased rate.

INTRODUCTION

The African clawed frog (Xenopus laevis) is one of a select group of amphibians that encounters and toler-
ates severe dehydration in their native habitats. When the bodies of water they occupy dry up during the
summer months, these mostly aquatic animals are exposed to evaporative dehydration and can survive
beyond 30% body water loss (Hillman, 1978a). Interestingly, although X. laevis have been intensely charac-
terized within the context of their role as model organisms for developmental and cellular biology, their
adaptations necessary for surviving dehydration are understudied.

It is known that the response to dehydration in X. laevis manifests in a tissue-specific manner. At an organ-
ismal level, blood is preferentially distributed during dehydration such that skeletal muscle has the greatest
loss, whereas blood distribution to the brain actually increases (Hillman and Sommerfeldt, 1981). This re-
sults in disparate levels of dehydration stress that individual tissues have adapted to by harboring different
functions in response to dehydration. For example, the skin secretes a mucous layer to minimize evapora-
tive dehydration, the heart sustains a high rate to maximize oxygen delivery (Hillman, 1978a), and the liver
switches from ammonotelism to ureotelism to avoid a toxic buildup of nitrogenous waste (Balinsky et al.,
1961). At high levels of dehydration, X. laevis increase rates of anaerobic glycolysis as apparent by elevated
whole-body lactate levels (Hillman, 1978a).

Investigation into metabolic adaptations has focused on glucose metabolism due to the dependency on
anaerobic glycolysis, particularly in the liver. In this tissue, enzymology studies have indicated that pyruvate
kinase (PK) has a greater activity during dehydration than under control conditions (Dawson et al., 2018).
This is of importance since it is an ATP-producing step in glycolysis and generally considered to be a
rate-limiting enzyme under tight regulation in the liver. Increased activity of PK in the liver would support
the increased rate of anaerobic glycolysis, which is further evident by a study examining lactate dehydro-
genase (LDH). LDH in this animal was shown to have decreased affinity for its substrates, although this af-
finity is restored in the presence of urea concentrations seen during dehydration (Katzenback et al., 2014).
In skeletal muscle, hexokinase also has altered kinetics (Childers and Storey, 2016) that may regulate
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glucose entry into muscle cells when plasma glucose levels are elevated during dehydration (Malik and Sto-
rey, 2009).

The commonality between the above-mentioned glycolytic enzyme studies is the observed changes in
phosphorylation state that provide a mechanism to explain their altered kinetics during dehydration. Phos-
phorylation is a quick and reversible method of altering protein function and is a known regulator of meta-
bolic pathways and cellular processes during environmental stress responses (Cowan and Storey, 2003;
Storey, 2002; Storey and Storey, 1990). By examining changes in phosphorylation patterns, we can deter-
mine which pathways and processes are being actively regulated in response to a variety of environmental
stresses and broaden our understanding of adaptations necessary for tolerating them. This has been
explored in a variety of species including hibernating mammals (Chung et al., 2013; Vertommen et al.,
2017) and most recently in the freeze-, anoxia-, and dehydration-tolerant frog species, Rana sylvatica (Haw-
kins et al., 2019).

Like X. laevis, R. sylvatica is tolerant to extreme levels of body water loss (Churchill and Storey, 1994). Phos-
phoproteomic analysis indicates that several enzymes involved in glycogenolysis and glycolysis are
differentially phosphorylated and may function to mobilize glycogen stores to supply fuel for anaerobic
glycolysis during dehydration (Hawkins et al., 2019). This analysis proved fruitful for expanding what we
know about how this anuran can tolerate multiple stresses.

Here we take a similar approach to analyze changes in the phosphoproteome of X. laevis in response to
dehydration exposure. We exposed adult X. laevis to dehydrating conditions and used liquid chromatog-
raphy-tandem mass spectrometry (LC-MS/MS) to quantify phosphopeptides from the liver and skeletal
muscle of these animals. This is followed by bioinformatic analysis to gain an overview of the processes
and pathways responding to dehydration and broaden our understanding of dehydration tolerance.

RESULTS

Phosphoproteomics Summary

Phosphoproteomic analysis resulted in the identification of 787 unique phosphopeptides in the liver and
692 in skeletal muscle, which matched to 824 and 396 proteins, respectively, including proteins with shared
peptides. Both liver and skeletal muscle showed similar proportions of phosphorylated residues (Fig-
ure STA). In the liver, there were 715 (82.66%) phosphoserine residues, 130 (15.03%) phosphothreonine res-
idues, and 20 (2.31%) phosphotyrosine residues. In skeletal muscle, there were 633 (80.74%) phosphoser-
ine, 134 (17.09%) phosphothreonine, and 17 (2.17%) phosphotyrosine residues. The number of
phosphorylated residues per phosphopeptide was also comparable between tissues (Figure S1B). In the
liver, 711 (90.34%) phosphopeptides had one phosphoresidue, 74 (9.40%) had two phosphoresidues,
and 2 (0.25%) had three or more phosphoresidues. In muscle, 608 (87.86%) phosphopeptides had one
phosphoresidue, 76 (10.98%) had two phosphoresidues, and 8 (1.16%) had three or more phosphoresidues.

Dehydration Produces Distinct Phosphorylation Patterns

Hierarchical clustering of relative quantities of all phosphopeptides resulted in clustering of control sam-
ples together and dehydration samples together in liver (Figure 1A). This contrasted clustering in muscle,
which showed intermixing of control and dehydration samples when using all phosphopeptides (Figure 1B),
indicated less of a defined phosphorylation pattern differentiating control and dehydrated animals in this
tissue. Unsurprisingly, when hierarchical clustering was performed on only statistically differentially phos-
phorylated peptides both tissues showed clear clustering of samples from control and dehydrated animals
(Figure S2).

PCA resulted in similar conclusions to hierarchical clustering results. In liver, samples from control and de-
hydrated animals clustered together and were particularly separable along the first component (explaining
69% of the variance between samples) (Figure 2A), whereas there was less separation and clustering of con-
trol and dehydrated muscle samples (Figure 2B). These results again support a stronger distinct phosphor-
ylation pattern in the liver than in muscle. When analyzed together, PCA analysis showed higher inter-tissue
separation than separation between experimental conditions (Figure 2C), although this is expected given
the dissimilarity between liver and muscle tissue. It should be noted that, when PCA analysis was performed
on both tissues together, only the subset of phosphopeptides that appeared in both tissues could be
examined (125 phosphopeptides), versus a much higher number that appeared in each tissue individually
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Figure 1. Hierarchical Clustering Analysis of Phosphopeptides in the Liver and Muscle of Xenopus Laevis in

Response to Dehydration

Clustering was performed on samples from control and dehydrated animals in (A) liver and (B) skeletal muscle. Samples
(arranged horizontally) were clustered by Euclidean distance between relative quantities of phosphopeptides, and
phosphopeptides (arranged vertically) were clustered based on Euclidean distance between each sample. Colors
indicate Zscore (standardized quantities) where red is a high Zscore and blue is a low Zscore. The experimental group the
sample belongs to is indicated by blue (control) or red (dehydrated) bars above the heatmap.

(787 in liver, 692 in muscle). When PCA was performed on tissues separately and together, cumulative ex-
plained variance curves were similar (Figure 2D).

Liver Phosphopeptides Are Differentially Abundant

Significant differences in relative phosphopeptide amounts varied between the two tissues to a much
greater extent than would be predicted by the number of phosphopeptides found in each tissue (Figure 3).
In the liver, 308 (39.14%) phosphopeptides had false discovery rate (FDR)-corrected p values < 0.05 (Fig-
ure 3A), whereas in muscle only 8 (1.2%) phosphopeptides met this criteria (Figure 3B). This discrepancy
appears to be due to intra-experimental condition variable since the number and distribution of phospho-
peptides with high and low fold-changes are comparable between liver and muscle (Figure 3C). These re-
sults further support the distinct phosphorylation patterns present in the liver and not muscle as seen in the
clustering analysis.

By comparing proteins with corresponding phosphopeptides found in each tissue, the overlap of proteins
is substantial where 181 proteins are found in common (21.97% of liver proteins, 45.71% of muscle proteins)
(Figure 4A). When only proteins with corresponding significantly differentially abundant phosphopeptides
are considered this number drops to six proteins (1.51% of liver proteins, 40.00% of muscle proteins) (Fig-
ure 4B), indicating that the vast majority of affected proteins in the liver are liver specific, whereas the ma-
jority of affected proteins in the muscle are not muscle specific but are also affected in the liver.

Overrepresentation of GO Terms and KEGG Pathways

REVIGO analysis revealed enrichment of differentially abundant phosphopeptides in small networks of
semantically related non-redundant GO biological processes in the liver (Figure 5). These include a glucose
metabolism-related network (glycolytic process, fructose metabolism, citrate metabolism, fructose 2,6-bi-
sphosphate metabolism, and protein autophosphorylation), a post-transcriptional regulation network
(negative regulation of translational initiation, negative regulation of IkB kinase/NF-kB signaling, and intra-
cellular signal transduction), and an RNA processing network (RNA 3'-end processing and mRNA process-
ing), along with other unconnected nodes (protein transport, plasma membrane tubulation, cell adhesion,
actin filament organization, and RNA polyadenylation). GO cellular compartments were also enriched,
namely, microtubule and cytoskeletal compartments (Figure S3), whereas enriched GO molecular functions
included an actin related network and a kinase related network (Figure S4).
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Figure 2. Principal Component Analysis of Samples in the Liver and Muscle of Xenopus Laevis in Response to
Dehydration

Principle component analysis was performed on phosphopeptide relative quantities in (A) liver, (B) skeletal muscle, and
(C) both tissues. The cumulative explained variance of principal components is plotted in (D).

REVIGO analysis of muscle samples showed few enriched GO terms given the low number of differentially
abundant phosphopeptides (Figure 6). Only a single GO biological process was enriched, regulation of
striated muscle contraction (Figure 6A), two GO cellular compartments, cytoplasm and microtubule (Fig-
ure 6B), and two GO molecular functions, cysteine-type endopeptidase inhibitor activity and microtubule
binding (Figure 6C).

KEGG pathways enriched for proteins with differentially abundant phosphopeptides in the liver pertained
mainly to central metabolic pathways: fructose and mannose metabolism, pentose phosphate pathway,
biosynthesis of amino acids, and glycolysis/gluconeogenesis, and also adherens junction and melanogen-
esis (Figure 7). No KEGG pathways were significantly enriched in the muscle.

PFKFB3 Is Phosphorylated and Upregulated during Dehydration

Seeing that central carbon pathways were enriched for proteins corresponding to differentially abundant
phosphopeptides in the liver, we investigated which enzymes were contributing to this enrichment (Table
1). Two enzymes related to glycogen metabolism, glycogen synthase kinase-3 beta (GSK3B), and phospho-
glucomutase (PGM) had increased phosphopeptide abundance, whereas only one TCA cycle enzyme,
ATP-citrate synthase (CS), showed significant differences in phosphopeptide abundance. Enzymes
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Figure 3. Volcano Plot of Phosphopeptides from Liver and Muscle of Xenopus Laevis in Response to Dehydration
Phosphopeptides that had significantly increased (FDR-corrected p value < 0.05) and decreased relative abundance in
dehydration samples are in blue and red, respectively, for (A) liver and (B) skeletal muscle. Phosphopeptides from liver
and skeletal muscle ordered by Log, fold-change is shown in (C).

comprising glycolysis and gluconeogenesis, 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 1 and
3 (PFKFB1 and PFKFB3), the liver isoform of fructose-bisphosphate aldolase (ALDOB), and glyceraldehyde-
3-phosphate dehydrogenase (GAPDH), did, however, all show large changes in phosphopeptide abun-
dance both in magnitude and statistical significance (Table 1).

Of particular interest is the phosphorylation pattern of PFKFB1 and 3 in the liver, the bifunctional enzymes
that catalyze the interconversion of fructose 6-phosphate (Fru-6-P) and fructose 2,6-bisphosphate (Fru-2,4-
P»,), a potent phosphofructokinase 1 (PFK1) activator (Figure 8A). PFKFB1 is the liver isoform and showed
significantly decreased amount of phosphopeptide abundance at 531 and S32 (homologous to S33 and
S34 of human PFKFB1). S31 is a known protein kinase A target within the phosphofructokinase-2 (PFK2)
domain (Figure 8B), and when phosphorylated it suppresses PFK2 activity and activates fructose-2,6-bi-
sphosphatase (FBP2) activity (Ros and Schulze, 2013). Analogous results are seen with the increased phos-
phopeptide abundance of PFKFB3 at S463 (homologous to S461 of human PFKFB3) (Figure 8A), which is
part of the FBP2 domain that promotes PFK2 activity when phosphorylated (Bando et al., 2005) (Figure 8C).
Phosphorylation and activation of PFKFB3 has been shown in a variety of conditions, notably by AMPK un-
der hypoxic conditions (Almeida et al., 2004; Marsin et al., 2002).

Expression of PFKFB3is not typical of liver tissue; however, this isoform is also known as inducible PFKFB, as
it has been observed to be expressed in response to hypoxic conditions of cancer cells by hypoxia
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Figure 4. Venn Diagram of Phosphoproteins from Liver and Muscle of Xenopus Laevis in Response to
Dehydration

Phosphoproteins with at least one corresponding phosphopeptide identified in liver and/or muscle is shown in (A),
whereas only those with at least one significantly differentially abundant phosphopeptides are shown in (B).
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Figure 5. Enriched Gene Ontology Biological Processes Semantic Relation Network in the Liver of Xenopus
Laevis Exposed to Dehydration

Enriched GO biological processes terms were summarized by REVIGO (Supek et al., 2011) and resulting semantic relation
network was plotted using Cytoscape. Node size is proportional to the number of genes each term encompasses and the
darker the blue the lower the FDR-adjusted p value. Edges indicate semantic relationship.

inducible factor 1-alpha (HIF1a) (Bando et al., 2005; Shi et al., 2017). This isoform has four transcript variants
in X. laevis (Figure 9A), all of which code for proteins containing the regulatory S463 residue. We designed
primers to measure the expression of variants 2, 3, and 4 by RT-qPCR, as well as a primer pair that would
amplify all four variants (pfkfb3 all), and therefore give some measure incorporating variant 1 expression
levels, which otherwise has 100% identity with variants 2 and 4. Expression of variants 2, 3, and 4 increased
9.88 + 1.43,4.44 + 0.91, and 9.11 £+ 1.22-fold during dehydration, whereas the primer pair measuring all
four variants increased 8.02 + 1.00-fold relative to control samples (Figure 9B). Increased expression of
PFKFB enzymes is not a general response as seen by relative expression levels of PFKFB1, which actually
decreased during dehydration (Figure 9B). These results may be explained by the presence of eight hyp-
oxia-responsive elements (HREs, RCGTG [Mole et al., 2009]) within 2 kbp of the pfkfb3 transcription start
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Figure 7. Top Ten Enriched Kyoto Encyclopedia of Genes and Genomes Pathways in the Liver of Xenopus Laevis
Exposed to Dehydration

Terms in dark blue are statistically enriched (FDR-corrected p value < 0.05), terms in light blue are not significantly
enriched.

site (TSS) (five within ~500 bp), whereas only two are observed 2 kbp upstream of the pfkfb1 TSS
(Figure 9C).

DISCUSSION
Consistent Phosphorylation Pattern in Liver but Not Skeletal Muscle

Our analysis of dehydration exposure in X. laevis identified a distinct dehydration-responsive phosphory-
lation pattern in liver but not in skeletal muscle. These results are consistent with this animal’s strategy of
dehydration tolerance. In response to dehydration, the liver undergoes relatively large changes to its phys-
iology and metabolism including converting from ammonotelism to ureotelism (Balinsky et al., 1967) and
switching to anaerobic glycolysis as oxygen transport is hampered (Katzenback et al., 2014). Both processes
are under the control of enzymes that can be phosphorylated to control their activity and kinetics, and thus
our detection of dehydration-responsive phosphorylation patterns in this organ was expected. This is re-
flected in our clustering analysis where samples from control animals clustered separately from dehydra-
tion animals (Figure 1A). Likewise, distinct clustering of samples from control and dehydration animals
was present in our PCA, where there was no overlap of confidence ellipses representing three standard de-
viations of the underlying Gaussian distribution (Figure 2A). In contrast to the liver, since these animals as-
sume a water-conserving posture to avoid unnecessary energy expenditure and evaporative dehydration,
the muscles are dormant until rehydration occurs. This results in a less defined phosphorylation pattern in
muscle relative to liver, where samples did not cluster with their experimental conditions (Figure 1B). Simi-
larly, PCA of muscle samples showed much greater intra-condition variability and overlap of underlying dis-
tributions (Figure 2B). The overall difference between the tissues and their response to dehydration is seen
when PCA was performed on all samples together. Although this was limited to the small subset of phos-
phopeptides present in both tissues, it is clear that there are greater differences at this level between tis-
sues than between experimental conditions within each tissue (Figure 2C). Again, this difference between
tissues is unsurprising given the metabolic function and physiological role of these tissues in dehydration
tolerance.

Contrasting results for significantly differentially abundant phosphopeptides in the two tissues supports a
distinct liver response and higher variability in muscle. Liver showed a greater number of differentially
abundant phosphopeptides (Figures 3A and 3B), the lack of which in muscle appears to be due to variation
between muscle samples rather than a lack of identified phosphopeptides or distribution of average abun-
dance within conditions (Figure 3C). Interestingly, although there is significant overlap between all proteins
identified with corresponding phosphopeptides in liver and muscle (Figure 4A), when we look at only pro-
teins with significantly differentially abundant phosphopeptides the overlap decreases below what would
otherwise be expected (Figure 4B). Rather than maintaining the same ratio of overlapping proteins, the
overlap drops to where most liver proteins are not differentially abundant in the muscle, but 6 of 15 proteins
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Pathway Abbreviation UniProt Peptide Residue Log2 Fold FDR-Corrected
Change p Value
Glycogen metabolism GSK3p Q91757 GEPNVpSYICSR S215 0.67 0.033
GEPNVSpYICSR Y216 0.59 0.063
PGM AOATL8GFG5  AIGGIILpTASHNPGGPNGDFGIK T115 1.20 0.005
AIGGIILTApSHNPGGPNGDFGIK S117 1.20 0.009
Glycolysis/Gluconeogenesis  PFKFB1 Q5U4z6 RGpSSIPQFTNSPTMIIMVGLPAR S31 —-1.74 0.007
RGSpSIPQFTNSPTMIIMVGLPAR S32 —1.67 0.013
PFKFB3 AOATL8GTR7  RNpSVTPLASPEPTKK S463 1.32 0.005
ALDOB Q5XHCé GILAADEpSVGTMGSR S36 —2.17 0.003
GAPDH P51469 VINDNFGIVEGLMTTVHAFTApTQK  T182 —-2.34 0.003
PK AOATL8FDJ?  RIpPSENMAQLMQDLGPAFVQR S89 —0.44 0.267
TCA cycle PDHA1 Q66JA7 YGMGTpSVER S242 -1.19 0.101
YHGHpSMSDPGVSYR S303 —0.28 0.485
YHGHSMpSDPGVSYR S305 —-0.11 0.785
YHGHSMSDPGVpSYR S310 1.02 0.186
YHGHSMpSDPGVpSYR S305 +S310 —0.49 0.242
CS Q5US5A8 TApSFSESRTEDITPAKK S455 -1.23 0.044

Table 1. Glucose Metabolism-Related Enzymes Corresponding to Identified Phosphopeptides

Glycogen metabolism, glycolysis, gluconeogenesis, and TCA cycle enzymes with identified phosphopeptides are presented. FDR corrected p values in bold are

statistically significant (p < 0.05).

Abbreviations: GSK3B, glycogen synthase kinase-3 beta; PGM, phosphoglucomutase; PFKFB1, 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 1;
PFKFB3, 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3; ALDOB, fructose-bisphosphate aldolase (liver); GAPDH, glyceraldehyde-3-phosphate dehy-

drogenase; PK, pyruvate kinase; PDHAT1, pyruvate dehydrogenase E1 component subunit alpha; CS, ATP-citrate synthase.

in the muscle are also differentially abundant in the liver. This further suggests that not only is the liver dis-
playing a liver-specific phosphorylation pattern in response to dehydration, but in so far as the muscle is
mounting a response, it appears unlikely as a substantial subset of changing phosphopeptides in muscle
also change in liver, possibly suggesting that these shared phosphopeptides represent a more global
response to dehydration.

Central Metabolic Pathways Enriched for Differentially Abundant Phosphopeptides
Functional analysis revealed enrichment of different processes in the liver and muscle. In the liver, central
metabolism pathways are enriched for phosphoproteins including glycolytic/gluconeogenic pathways, the
pentose phosphate cycle, biosynthesis of amino acids, and citrate metabolism (Figures 5 and 7). This aligns
with previous research showing increased anaerobic metabolism (Hillman, 1978a; Katzenback et al., 2014)
and mobilization of glucose into the plasma (Malik and Storey, 2009). Dehydration tolerance in this animal is
thought to be limited by circulatory oxygen delivery such that as dehydration increases, hematocrit is
elevated and resting heart rate increases to maintain oxygen delivery (Hillman, 1978b, 1978a). At higher
levels of dehydration, oxygen delivery is no longer sufficient and anaerobic glycolysis increases as seen
by elevated whole-body lactate levels (Hillman, 1978a).

Similarly, biosynthesis of amino acids in the liver (Figure 7) correlates with previous observations of
increased plasma and liver free amino acid levels in laboratory dehydrated and naturally estivating
X. laevis, the opposite results seen in starvation alone (Balinsky et al., 1967; Unsworth and Crook, 1967).
The physiological relevance of increased amino acid levels is not clear, although given that the increase
is not uniform across all amino acids it may be a sum of different pathways such as the urea cycle, TCA cycle,
and other liver functions involving specific amino acids (Balinsky et al., 1967). This corroboration shows that

8 iScience 23, 101598, October 23, 2020
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Figure 8. Phosphorylation of Liver PFKFB Enzymes in Response to Dehydration

PFKFB1 S31, PFKFB1 S32, and PFKFB3 S463 were identified as differentially phosphorylated in the liver during
dehydration and are shown in (A), data are represented as mean + SEM and * indicates statistical significance (FDR-
corrected p value < 0.05) determined by Student's t test. S31 and S32 are present in the PFK2 domain (translucent orange)
of PFKFB1 as shown in (B). S463 is present in the FBP2 domain (translucent green) of PFKFB3 as shown in (C). Arrows in (B)
and (C) show phosphorylated serines (red) and substrates (blue).

gene set analysis in the liver closely predicts the physiological and metabolic adaptations of dehydration
tolerance that have thus far been determined in X. laevis.

Structural Proteins Only Commonality between Liver and Skeletal Muscle

Gene set analysis also revealed pathways and processes that had not been previously implicated in Xen-
opus dehydration. Several actin and cytoskeletal-related processes and molecular functions were identi-
fied as being overrepresented for proteins with corresponding significantly differentially abundant phos-
phopeptides (Figures 5, S3 and S4). Although not previously identified as a dehydration tolerance
adaptation in X. laevis, cytoskeletal reorganization is seen in other dehydration-tolerant species ranging
from invertebrates to plants (Clark et al., 2009; Cruz DE Carvalho et al., 2014; Li et al., 2009). The loss of
body water likely results in reduction in cell volume throughout the body, and thus cell morphology would
be impacted, which could result in modification to the cytoskeleton to tolerate structural stresses.

Muscle tissue had few enriched terms, although like the liver they include cytoskeletal elements along with
regulation of striated muscle contraction (Figure 6). Although the exact functional outcome of these terms
being enriched has not been determined, potentially these are adaptations to the structural stresses
encountered by cells losing cell volume given that dehydration of muscle tissue negatively impacts muscle
contractile function (Lorenzo et al., 2019). It therefore is consistent with the physiology of muscle dehydra-
tion to find that regulation of striated muscle contraction was enriched in our dataset. Whether this is a
result of dehydration or a response to dehydration is unknown; however, it can be speculated that regula-
tion of this process by reversible phosphorylation could be an energy-saving mechanism while muscles are
dormant, or perhaps a preparatory mechanism for when rehydration occurs.

Regulators of Glycolysis Differentially Phosphorylated during Dehydration

Specific enzymes involved in anaerobic glycolysis show how this process may be regulated in response to
dehydration. Pyruvate kinase is an ATP-producing, regulated step of glycolysis that shows increased activ-
ity in X. laevis liver during dehydration, potentially due to dephosphorylation (Dawson et al., 2018), which
would support anaerobic glycolysis. Our analysis showed that pyruvate kinase was less phosphorylated
during dehydration; however, this did not reach statistical significance (Table 1). LDH in the liver also shows
altered kinetic and regulatory properties, potentially due to phosphorylation (Katzenback et al., 2014),
although we did not identify LDH in our analysis. In this case, LDH is phosphorylated and has lower affinity
for its substrates until physiological levels of urea are present, which restores kinetic parameters to control
levels. The authors proposed that this is a preparatory mechanism for when rehydration occurs and urea is
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Figure 9. Expression of pfkfb3 and pfkfb1 in the Liver during Dehydration

Primers were designed to measure the expression of pfkfb3 transcript variants as shown by colored arrows in (A). Blue
arrows show the position of forward and reverse primers for measuring all four pfkfb3 transcript variants, whereas red
arrows show primer pairs for measuring specific variants. Primer sequences are in Table S1. (B) shows relative expression
of pfkfb3 transcript variants in the liver of control and dehydrated X. laevis, whereas relative expression of pfkfb1is in (C),
data are represented as mean + SEM and * indicates statistical significance (p value < 0.05) determined by Student's t
test. (D) shows the position of hypoxia responsive elements (HREs, binding sites for HIF1a) within 2 kbp upstream of the
transcription start sites (TSS) of pfkfb1 and pfkfb3.

secreted, LDH may remain phosphorylated and therefore less active, shunting pyruvate into the TCA cycle
(Katzenback et al., 2014).

The prominence of central metabolic pathways in our gene set enrichment analysis of the liver led us to
examine which enzymes in these pathways exhibited differentially abundant phosphopeptides in response
to dehydration. Particularly interesting was the identification of two PFKFB enzymes (Table 1). These bifunc-
tional enzymes catalyze the conversion of Fru-6-P to Fru-2,6-P, using a PFK2 domain, or the reverse using an
FBP2 domain. Fru-2,6-P, is the main allosteric activator of phosphofructokinase 1 (PFK1) that catalyzes the
first committed ATP-utilizing step of glycolysis (the phosphorylation of fructose é-phosphate to fructose
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1,6-bisphosphate) therefore making PFKFB enzymes central regulators of glycolytic flux. Multiple PFKFB
enzymes exist, PFKFB1 being the canonical liver isozyme that has previously been identified as a regulatory
feature of dehydration tolerance in the wood frog (Hawkins et al., 2019). Like X. laevis, the wood frog sur-
vives severe dehydration, in part by funneling glycogenolytic end products through anaerobic glycolysis
(Churchill and Storey, 1994). Wood frogs also survive whole-body freezing by converting the glycogenolytic
end products to cryoprotective glucose and exporting it from the liver to the rest of the body. Both cases,
carbon fluxing through glycolysis for energy or export as a cryoprotectant, appear to be controlled at the
PFK1 locus and therefore regulated by PFKFB enzymes, potentially by phosphorylation of a serine homol-
ogous to human S33 (Hawkins et al., 2019; Vazquez lllanes and Storey, 1993).

Our results show phosphopeptides containing S31 and S32 from PFKFB1 (homologous to human PFKFB1
S33 and S34) are indeed decreased in the liver of X. laevis in response to dehydration (Table 1, Figure 8A).
These residues are present in the PFK2 domain of this enzyme (Figure 8B) and when phosphorylated result
in decreased PFK2 activity while increasing FBPase-2 activity (Kurland and Pilkis, 1995). Dephosphorylation
of PFKFB1 during dehydration would therefore promote PFK2 activity and drive glycolysis. This result is
consistent with previous studies showing increased anaerobic glycolysis and regulation of other glycolytic
enzymes promoting glycolysis in X. laevis liver during dehydration (Dawson et al., 2018; Hillman, 1978a; Kat-
zenback et al., 2014).

Hypoxia-Inducible PFKFB3 Highly Upregulated and Phosphorylated

PKFB3 was also identified in our results, although this isozyme is not typically expressed in healthy liver tis-
sue. The expression of PFKFB3 is prominent in a number of cancers (Shi et al., 2017) since the pfkfb3 gene
has multiple promoter HREs (binding site for HIF1a) and is thus induced under hypoxic conditions. This
contributes to the high glycolytic rate of hypoxic tumor cells and has made PFKFB3 a target for pharmaceu-
tical interventions (Hu et al., 2019; Mondal et al., 2019; Wang et al., 2018). Our results indicate that PFKFB3 is
phosphorylated during dehydration at S463 (homologous to human S461) (Figure 8A), which is the residue
that activates the PFK2 activity of this enzyme and therefore drives glycolytic flux (Bando et al., 2005). The
mechanism of how phosphorylation of this residue increases PFK2 activity has not been studied; however,
unlike in PFKFB1 the regulatory residue of PFKFB3 is in close proximity to the binding pocket of the FBPase-
2 domain (Figure 8C). This could result in changes to the kinetics of this enzyme’s FBPase-2 activity rather
than PFK2 activity, increasing the net conversion of Fru-6-P to Fru-2,6-P; by inhibiting the reverse reaction.
Phosphorylation of PFKFB3, as seen here, would likely contribute to anaerobic glycolysis during the pro-
posed hypoxic conditions seen under high levels of dehydration in X. laevis.

Since the pfkfb3 gene is known to be induced under hypoxic conditions, we measured the multiple tran-
script variants of this gene and found that all increased (~4- to 10-fold) during dehydration (Figures 9A
and 9B). As expected, this upregulation is specific to ptkfb3 and not a general PFKFB response as the
expression of ptkfb1 actually decreased during dehydration (Figure 9C). This is likely a result of the eight
HREs within the promoter of pfkfb3 in X. laevis, more than the four found in the human pfkfb3 promoter
(Obach et al., 2004) and many more than the two found in the X. laevis ptkfb1 promoter (Figure 9D).
Together these results suggest a possible explanation for how anaerobic glycolysis is elevated in response
to high levels of dehydration in X. laevis. High levels of dehydration restricts oxygen transport; this leads to
a hypoxic cellular environment (Hillman, 1978a), which then stimulates transcription of pfkfb3 (Figure 9B),
which is then activated by phosphorylation (Figure 8A), resulting in increased glycolytic flux as evident by
elevated lactate levels (Hillman, 1978a).

CONCLUSIONS

Here we present a phosphoproteomic analysis of X. laevis that shows tissue-specific responses to dehydra-
tion. Liver tissue exhibited a more defined pattern of phosphorylation and dephosphorylation compared
with skeletal muscle that is likely the result of the metabolic function this tissue plays during dehydration
exposure. Gene set analysis indicated that cellular functions and pathways related to glucose metabolism
were highly enriched for differentially phosphorylated proteins in the liver, which led to the observation that
PFKFB3, the hypoxia-inducible PFKFB isozyme, increased expression multiple fold and whose phospho-
peptides were highly abundant during dehydration. Phosphorylation of PFKFB3 at S463 results in increased
PFK2 activity of this enzyme, which could explain how anaerobic glycolytic flux increases in response to high
levels of dehydration in X. laevis. Together, these results highlight the importance of the liver and expand
our understanding of dehydration tolerance in this animal.
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Limitations of the Study

The lack of antibodies available for PFKFB isozymes in X. laevis means that protein levels and validation of
these results by a second method will remain for future studies. How much PFKFB3 contributes to glycolytic
flux will also need to be determined, either by the use of selective PFKFB isozyme inhibitors or fluxomic
analysis, both of which present considerable technical challenges for live animal experiments. Furthermore,
the dose-dependent effect of dehydration on PFKFB3 induction is unknown and leaves interesting ques-
tions to be explored.
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Supplementary Table Titles

Table S1 Primer sequences for qPCR analysis. Related to Figure 9.

Supplementary Figure Titles

Figure S1 Summary of phosphopeptide from liver and muscle. a) Number of phosphopeptides containing phosphoserine (pS),
phosphothreonine (pT), and phosphotyrosine (pY) residues. b) number of phosphopeptides containing one, two, or three
phosphorylated residues. Related to Figure 1.

Figure S2 Hierarchical clustering of significantly differentially abundant phosphopeptides from liver and muscle of Xenopus laevis
exposed to dehydration. Clustering of significantly differentially abundance phosphopeptides from a) liver and b) muscle. Related to
Figure 1.

Figure S3 Semantic relation network of enriched GO cellular compartment terms in the liver of dehydrated Xenopus laevis. All other
information as in Figure 5.

Figure S4 Semantic relation network of enriched GO molecular function terms in the liver of dehydrated Xenopus laevis. All other
information as in Figure 5.
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Table S1

Gene symbol  Accession/GenelD Forward Primer Reverse Primer Product Size
prkfb3.S all 431861 GTAGAGGGTTTCCCCACCAT CTTTGCTGATCTCACAAGGGAAA 117
pfkfb3.5v2 XM 018255708 TGGATGCATTACTTCATGTTGCT CCTGTGCTTCTCCCAGTCAA 115
pfkfb3.8v3 XM_018255709 CCAGCAGAAACTTGAACTGTGC ACGGGTCAGCTTTTTGGAGAT 120
prkfb3.S v4 XM_018255710 AGTAATCGAGCGACGGCTTT GCGAACTAGCAGTACTCCCC 106
pfkfbl.S NM_001095066 ATGCAGAATGAGGACAGGCTT  CGAGTCTGTTTGAGCTCTCG 119
sdha.L NM_001090004 TCACGGCTTCTTAGCAGAGC TGCTGAAGTGTCCTTCCGTC 120
atp5f1b.L XM 018247436 TGCCCGTTTGTCTTGGGTAA AACAGCCACACAAGTTGGTC 83
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Transparent Methods

Animal experiments

Adult male X. /aevis from the University of Alberta Science Animal Support Services were
shipped to Carleton University where they were acclimated for one week at 22°C in aerated
tanks filled with dechloraminated water. X. laevis were fed three times per week and the tank
water was changed each feeding day. The animals were then randomly divided into control and
dehydration exposure groups (mean body mass 64.40 + 10.77 g and 64.58 + 10.78 g
respectively). Control animals were maintained in the above conditions. Animals in the
dehydration exposure group were placed in dry tanks at 22°C and weighed periodically over the
course of two days until they had lost approximately 30% body water (actual % body water loss

33.59 + 2.58). Percent body water loss was calculated using the following equation:

MM 00y
m; X BWC, °

% Body water loss =
where m; is the initial mass of the animal, m, is the dehydrated mass, and BW(; is initial
body water content as previously determined (Malik and Storey, 2009). Control and dehydration

exposed animals were then euthanized by pithing and skeletal muscle and liver tissues were
quickly dissected, frozen in liquid nitrogen, and stored at -80°C until use. All animal protocols

were approved by the Carleton University Animal Care Committee (protocol #106936) and

conformed with the guidelines of the Canadian Council on Animal Care.

Protein extraction

Frozen skeletal muscle and liver tissue samples weighing 200 mg (n = 3 from each
experimental condition) were extracted separately using EMD Millipore Cell Lysis Buffer

(catalogue #43-040) with 1 mM EDTA, 1 mM EGTA, phosphatase inhibitors (1 mM Na3zVOq, 10



mM NaF, 10 mM B-glycerophosphate) and protease inhibitors (BioShop catalogue #PIC001).
Tissues were homogenized with a Dounce homogenizer in 1:4 w:v lysis buffer and incubated for
30 min on ice with intermittent vortexing. Total soluble protein lysates were then collected by
centrifuging samples at 14,000 x g for 20 min at 4°C and taking the supernatant. Protein
concentrations were determined using Bradford assay (Bio-Rad Cat #500-0005), then samples
were frozen and lyophilized for 12 h using a Labconco FreeZone 12L freeze dryer and stored at

room temperature until use.

Trypsin Digestion

For the following steps, samples were run in technical duplicate. Samples were reduced with
10 mM dithiothreitol for 30 min at 37°C then alkylated with 20 mM iodoacetamide for 30 min at
25°C in the dark with constant shaking. Samples were then trypsin digested (1:20 w/w, Promega,
USA) for 12 h at 37°C with enzyme supplementation after 6 h and digestion efficiency
monitored by LC-MS. The peptides were then desalted using a C18 column (CNW, China),
according to manufacturer’s directions and peptide samples were then normalized to a common

concentration value using a BCA Protein Assay Kit (Pierce Biotechnology, USA).

Phosphopeptide enrichment

Phosphopeptides enrichment was performed using 10 mg aliquots of TiO> beads (GL
Sciences, Japan). The beads were washed three times with 1 ml of loading buffer [65%
acetonitrile (ACN), 2% trifluoroacetic acid (TFA), saturated by glutamic acid], then resuspended
in 400 pl of loading buffer. A 2 mg aliquot of peptides were added to the beads and were
incubated for 1 h at room temperature with constant shaking. The beads were then washed with
wash buffer A (65% ACN + 0.5% TFA) and twice with wash buffer B (65% ACN + 0.1% TFA).

Phosphopeptides were eluted with 200 pl of elution buffer A (0.3 M NH40OH + 50% ACN) and



two times with 200 pl of elution buffer B (0.5 M NH40OH + 60% ACN), each with constant
shaking for 20 min at 20°C.

Phosphopeptide samples were separated by high-pH reverse phase high performance liquid
chromatography (RP-HPLC) using a Waters €2695 Separation Module with a Durashel-C18
column (5 pm particle size, 100 A pore size, 4.6 mm x 250 mm, Agela) with solvent A (5 mM
ammonium formate, pH 10.0) and solvent B (ACN with 5 mM ammonium formate, pH 10.0).
The liquid phase separation linear gradient was 5% solvent B for 15 min, followed by 5-50%
solvent B for 70 min with a flow rate of 1 ml/min. Sixty fractions were collected in 1 min
intervals and were then combined into six groups of 10 that were lyophilized and stored at -80°C

until use.

Spectral library construction and analysis

Samples were resuspended in 0.1% formic acid and 2% ACN. Indexed Retention Time (iRT,
Biognosys) reagent was added to each sample to calibrate retention times between respective
elution fractions of each original sample. Each elution was then analysed using a nanoACQUITY
UPLC M-Class system (Waters, USA) and a Q Exactive HF mass spectrometer (Thermo Fisher
Scientific, USA). Samples were loaded onto a C18 trap column (5 um particle size, 100 A pore
size, 180 pm x 20 mm; Waters, USA) followed by a C18 analytical column (1.8 pm particle size,
101 A pore size, 100 um x 150 mm; Waters, USA) at a flow rate of 300 nl/min using a linear 2-
8% gradient of solvent B for 6 min, then a 8-35% solvent B gradient for 106 min, and finally a
35%-90% solvent B gradient for 13 min. Each sample was then loaded using electrospray
ionization with spray voltage set to 2.0 kV and capillary temperature set to 290°C with the
following parameters: (a) scanning range was 350-1200 m/z, the resolution of precursor ions was

set to 60,000, the automatic gain control target was 3x106, and the maximum ion injection time



was 50 ms; (b) high-energy collision dissociation was performed with a 27% normalized
collision energy; (c) the resolution of MS2 was set to 15,000 m/z, automatic gain control was set
to 1x105, maximum ion injection time was set to 45 ms, and dynamic exclusion time was set to
30 s; (d) spectra were recorded in profile mode.

Using Proteome Discoverer 2.2 (Thermo Fisher Scientific, USA), the DDA mass
spectrometry results were searched to construct DDA spectral libraries. The results for the
elution groups were combined for searching. The database was created from X. /aevis protein
sequences (56748 sequences, 2018/04/01) retrieved from UniProt. The search parameters were
as follows: (a) trypsin digestion (full with two missed cleavages allowed), (b) precursor mass
tolerance of 10 ppm, (c) fragment mass tolerance of 0.02 Da, (d) variable modifications included
N-terminal acetylation, methionine oxidation, phosphorylation of serine, threonine, and tyrosine,
(e) fixed modifications, carbamidomethylation of cysteine residues, (f) HCD fragmentation

mode, and (g) FDR is set to 1%.

Data analysis and differential phosphorylation analysis

For each tissue, non-phosphorylated peptides and phosphopeptides not present in at least two
control and two dehydrated biological replicates were filtered out of the dataset. For each
phosphopeptide, log>-fold changes and standard deviations between control and dehydrated

animals were calculated using the following equations:

Deh;
AVG(| ¢
|Deh,, |
Con, 7
AVG(l : D
[Con,,

log, FC = log,




Con, Deh,

log, SD = |SD(log, [ )2 + SD(log, )?

Con, Deh,

Student’s #-test with a Benjamini-Hochberg multiple test correction was used to determine

statistical significance (FDR corrected p-value < 0.05).

Hierarchical clustering and principle component analysis

Hierarchical clustering was performed on samples using the seaborn python package
(Waskom et al., 2014) which uses the scipy python package (Jones et al., 2001). Samples were
clustered based on the Euclidean distance between the relative quantities of their respective
phosphopeptides and phosphopeptides were clustered based on the Euclidean distance between
their relative quantity in each sample. Principle component analysis (PCA) of samples was

performed using the sklearn python package (Pedregosa et al., 2011).

Gene set analysis

Overrepresentation analysis of gene ontology (GO) terms (The Gene Ontology Consortium,
2019) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways (Kanehisa et al.,
2019) was performed using the WebGestalt webserver (Liao et al., 2019). While WebGestalt
does not have built-in support for X. laevis, custom GO and KEGG annotation databases can be
created and used with this tool. First GO and KEGG annotations for all X. laevis proteins were
retrieved from UniProt (UniProt Consortium, 2019) and GO and KEGG gene matrix transposed
(GMT) files were created using a custom python script to be used as the functional database in
WebGestalt. The proteins corresponding to significantly differentially expressed (FDR-corrected

p-value < 0.05) phosphopeptides were uploaded as the gene list, all proteins with GO or KEGG



annotations were uploaded as the background reference list of genes and the Benjamini-
Hochberg procedure was used as a multiple test correction.

Over represented GO terms were further explored using REVIGO (Supek et al., 2011) which
produces network diagrams of semantic similarity between GO terms using the hierarchical
graph structure of GO. Significantly enriched GO terms and their FDR-corrected p-values
produced by WebGestalt were uploaded using the default REVIGO settings and network

diagrams of these significantly enriched terms were retrieved.

RNA extraction and cDNA synthesis

For RNA extraction, 50 mg of tissue from each sample was homogenized using a Polytron
homogenizer in 1 mL of TRIzol reagent (Invitrogen; Cat# 15596-018). A 200 puL volume of
chloroform was added to each sample which was then centrifuged at 10,000 x g at 4°C for 15
min. The aqueous phase containing total RNA was removed and precipitated using 500 pL of 2-
propanol for 10 min at room temperature, then pelleted at 10,000 x g at 4°C for 15 min. Each
pellet was then washed twice with ethanol and air-dried before resuspension in 50 pL. of RNase-
free water. RNA concentration and purity were determined using a BioTek Take3 microspot
plate and PowerWave HT microplate spectrophotometer where all samples had 260/280 ratios of
~2.0, then RNA integrity was verified using a 1% agarose gel.

Reverse transcription cDNA synthesis was performed on 2 pg of RNA from each sample in
10 uL of RNase-free water using the Invitrogen M-MLV Reverse Transcriptase Kit (Cat#
28025013). A 1 uL volume of 200 ng-pL! oligo(dT) (Sigma-Aldrich) was added to each sample
and incubated at 65°C for 5 min. Samples were then cooled on ice and the reverse transcriptase
reaction was performed according to the manufacturer’s directions using 1 uL of 10 mM dNTPs

(BioShop, Canada).



Primer design and RT-qPCR

Primers were designed using Primer-BLAST (https://www.ncbi.nlm.nih.gov/tools/primer-

blast/) using default settings with the exception of a PCR product size of 80-120 bp, and primer
pair specificity checking for Xenopus laevis (taxid: 8355). Primers were synthesized by
Integrated DNA Technologies and sequences are shown in Table S1.

RT-qPCR was performed using a Bio-Rad CFX Connect as previously described (Pellissier
et al., 2006). PCR reactions were comprised of 8 uL. cDNA, 2 pLL qPCR buffer (100 mM Tris-
HCI [pH 8.5], 500 mM KCl, 1.5% v:v Triton X-100, and 20 mM MgCl), 0.16 uL of 25 mM
dNTPs, 4 uL of 1 M trehalose, 0.5 pL of formamide, 0.025 pL of 100X SYBR Green in DMSO
(Invitrogen; #S7585), 0.5 puL of 0.3 nmol-pL! of each primer, 0.125 uL of 5U-puL"! wild-type
Taq (BioShop; #TAQO001.1) and autoclaved ddH2O for a final volume of 20 pL. The following
thermocycle series was used: An initial 95°C denaturing step for 3 min, then 40 cycles of
denaturing at 95°C for 10 sec, annealing at 57°C for 20 sec, and extension at 72°C for 20 sec. A
melting analysis was performed from 55-95°C to ensure the amplification of single products, and
a 2-fold dilution standard curve for each target was run on quantification plates to ensure
reaction efficiencies between 90-110%. Suitable reference genes in liver tissue were previously
determined to be atp5f1b.L and sdha.L (Hawkins et al., 2018) and quantification was performed

using Bio-Rad CFX Maestro 1.1 which employs the Pfaffl method (Pfaffl, 2001).

Data visualization

Unless otherwise stated figures were created using the matplotlib python package (Hunter,
2007) and SigmaPlot 12.5. Hierarchical clustering was visualized using the seaborn python

package (Waskom et al., 2014) and visualization of REVIGO GO network diagram was done



using Cytoscape (Su et al., 2014). De novo protein modeling of X. laevis PFKFB1 and PFKFB3

was done using I-TASSER (Yang et al., 2015) and visualized using PyMOL (https://pymol.org).
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