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Abstract 17 

 Antifreeze proteins (AFP) are an evolutionarily diverse class of stress response 18 

products best known in certain metazoans that adopt a freeze-avoidance survival 19 

strategy. The perennial ryegrass, Lolium perenne (Lp), cannot avoid winter temperatures 20 

below the crystallization point and is thought to use its LpAFP in a freeze-tolerant 21 

strategy. In order to examine properties of LpAFP in relation to L. perenne’s life history, 22 

cDNA cloning, recombinant protein characterization, ice-binding activities, gene copy 23 
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number, and expression responses to low temperature were examined. Transcripts, 1 

encoded by only a few gene copies, appeared to increase in abundance after diploid 2 

plants were transferred to 4 ˚C for 1-2 days, and in parallel with the ice recrystallization 3 

inhibition activities. Circular dichroism spectra of recombinant LpAFP showed three 4 

clear folding transition temperatures including one between 10 and 15 ˚C, leading us to 5 

speculate that folding modifications of the secreted AFP could allow the targeted 6 

degradation of the protein in planta when temperatures increase.  Although LpAFP 7 

showed low thermal hysteresis activity and partitioning into ice, it was similar to AFPs 8 

from freeze-intolerant organisms in other respects. The ice activity observed in LpAFP 9 

suggests that the type of low temperature resistance strategy adopted by a particular 10 

species may not depend on the type of AFP. This independence of AFP sequence and 11 

life-history has practical implications for the development of genetically-modified crops 12 

with enhanced freeze tolerance. 13 
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Introduction 20 

 Antifreeze proteins (AFPs) are found in a variety of organisms, most notably 21 

certain fish, insect, plant and bacterial species that inhabit regions where they must 22 

survive sub-zero temperatures at some point in their life-cycle [10].  These proteins non-23 



 3 

colligatively lower the freezing point of solutions, a property termed thermal hysteresis 1 

(TH), and inhibit ice recrystallization (IR). Both of these activities result from the ability 2 

of these proteins to adsorb to and stabilize the surface of ice crystals [4].  In marine fish 3 

and insects, most known AFPs are presumed to play a role in freezing prevention and 4 

avoidance [21].  However, freeze avoidance is not an obvious strategy used in plants, a 5 

view which is also suggested by the observed low TH activity of known plant AFPs [14; 6 

43].  Rather, plant AFPs may serve in a freeze-tolerance approach by reducing the IR 7 

damage that would otherwise be wrought by the growth of ice crystals in frozen tissues 8 

[14; 24; 2]. 9 

 AFPs have been described and their corresponding sequences cloned from carrot, 10 

Daucus carrota [38], bittersweet nightshade, Solanum dulcamara [18], Antarctic hair 11 

grass Deschampsia antarctica [22] and a number of economically important cereal 12 

species, including winter rye, Secale cereale [16], barley, Hordeum vulgare, and the 13 

bread wheat, Triticum aestivum [42].  While these plant AFPs are structurally diverse, 14 

the wheat, hair grass and barley AFPs contain a domain homologous to an AFP sequence 15 

identified in the perennial ryegrass, Lolium perenne [37; 39; 25].  The published peptide 16 

AFP sequence of L. perenne (LpAFP; GenBank: AJ277399.1), consists of a partially 17 

conserved 7 amino-acid repeat with the consensus XXNXVXG (where X is a non-18 

conserved residue) and modeled as a β-roll with two repeats per turn [24].  Two wheat 19 

AFP genes include a carboxy-terminal domain with similarity to LpAFP, as well as 20 

amino-terminal leucine-rich repeats [42].  Expressed sequence tags (ESTs) with similar 21 

sequence have been found in other grass species, but the gene appears to be limited to the 22 

Pooideae sub-family of grasses [33]. It is absent from the published genomes of corn, 23 
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Zea mays and rice, Oriza sativa. L. perenne EST and bacterial artificial chromosome 1 

(BAC) libraries include multiple sequences with C-terminal homology to the original 2 

LpAFP sequence [37] and some of these when expressed, show some ice binding activity 3 

[39; 25].  4 

 While recombinant LpAFP (rLpAFP) has been used to identify the ice-binding 5 

site of this protein [29], its characterization as well as the genomic structure and 6 

expression have received less attention. In organisms as distant as freeze-avoiding insects 7 

and fish, AFP genes are typically found in dozens of copies with diversity between 8 

isoforms [36; 26]. In contrast, ryegrass EST and BAC analyses suggest that there may be 9 

a small family of LpAFPs [37; 25; 39], however, the ploidy level of the parent grasses 10 

was not apparent. Here, we characterize the protein, gene copy number, and low 11 

temperature-induced expression in order to help understand the role of LpAFP in a 12 

freeze-tolerant strategy.  13 
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Materials and Methods 1 

Plants 2 

 L. perenne seeds were obtained from commercial suppliers (Feed and Farm, 3 

Kingston, ON and Premier Pacific Seeds, Surrey, BC). Seeds from the latter supplier 4 

(variety: Pacific Seed Diploid) were used for copy number and expression studies. Plants 5 

were routinely grown in potting soil for 1-2 weeks in the Phytotron (Queen’s University) 6 

at 22 °C with a 12 h photoperiod until shoots were ~100-125 cm prior to 7 

experimentation. 8 

 LpAFP cDNA Cloning 9 

Cloning the functional coding sequence of LpAFP was based on the known 10 

peptide sequence [37]. Flats of grass were transferred from 22 ˚C to 4 °C with an 8 h 11 

photoperiod for 2 weeks prior to RNA extraction.  Cold-acclimated grass shoots were 12 

ground under liquid N2 and total RNA extracted using the RNeasy Plant Mini kit 13 

(Qiagen, Hilden, Germany).  RNA quantity and quality were assessed 14 

spectrophotometrically prior to first strand synthesis.  Then cDNA was synthesized using 15 

oligo-(dT)17 ; reverse transcription was allowed to proceed for 1 h at 37° C and the 16 

reaction stopped by heating to 70 °C for 10 min, according to the recommendations of 17 

the manufacturer (Fermentas, Hanover, Maryland). The cDNA product was used as the 18 

template for LpAFP-specific polymerase chain reaction (PCR) using primers LpAFP+ 19 

(5’-CATATGCATATGGATGAACAGCCGAATACGATTTC ) and LpAFP- (5’-20 

AAGCTTAAGCTTTTAAGCGTCTGTCACGACTTTG’) and Taq polymerase 21 

(Fermentas).  After 2 min at 94 ˚C, a PCR profile of 30 cycles was used with parameters 22 

as follows: 60 sec at 94° C, 60 sec at 65° C and 60 sec at 72° C, followed by a final 23 
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extension for 7 min at 72° C.  Amplified products were separated on 1.7% agarose gels 1 

and visualized with ethidium bromide staining.   2 

A single DNA band of the appropriate size (~400 bp) was extracted from gels 3 

using the Sephaglas Bandprep Kit (Amersham Pharmacia Biotech Inc., Baie d’Urfe, PQ, 4 

Canada). The eluted product was then quantified, cloned into plasmid vector pCR4-5 

TOPO via TOPO-TA cloning and introduced into chemically competent TOP10 E. coli 6 

(Invitrogen Inc., Burlington ON, Canada). After the presence of the insert in plasmid 7 

purified from transformed colonies had been confirmed by PCR, the insert was 8 

sequenced in both directions using M13 vector-based primers. 9 

LpAFP recombinant expression, purification, and characterization 10 

The coding sequence corresponding to the mature protein was transferred into a 11 

pET24a (Invitrogen) expression plasmid, transformed into E. coli BL21(DE3) and 12 

subsequently induced with 1 mM isopropyl β-D-1-thiogalactopyranoside (IPTG).  13 

Recombinant LpAFP bearing an extension encoding 6 His residues on the carboxyl 14 

terminal end (His6) was produced in shake flasks, or if larger quantities were required, 15 

using a 3 L bioreactor (New Brunswick Bioflow 110 Bioreactor, Edison, NJ, USA), 16 

which after induction yielded cells at ~20-25 g/L. Cells were lysed chemically using 17 

Bugbuster reagent (Novagen, Darmstadt, Germany), or by heating to 95 °C for 5 min.  18 

The centrifuged (10000 xg) lysate was subjected to two rounds of purification using 19 

either Talon Metal Affinity Resin (BD Bioscience, Mountain View, CA, USA) or 20 

Nickel-NTA Agarose (QIAGEN, Mississauga, ON, Canada). If chemical lysis was used, 21 

this was followed by heat treatment, as described, prior to subjecting the supernatant to 22 

reverse phase high pressure liquid chromatography (RP-HPLC) as previously described 23 
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[29].  Two discrete HPLC peaks were assayed for TH activity (see Results), the protein 1 

masses were determined via matrix assisted laser desorption /ionization- time of flight 2 

(MALDI-TOF) mass spectrometry and subjected to amino acid analysis (Sick Children’s 3 

Hospital, Toronto, ON, Canada).  Alternatively, ice affinity purification (IAP) [24] was 4 

substituted for RP-HPLC. Purification was followed by electrophoresis on 15% SDS-5 

polyacrylamide gels (SDS-PAGE; [29]) stained with Coomassie brilliant blue G-250. 6 

The presence of the recombinant protein was verified by western blots using polyclonal 7 

His-tag antiserum (Vector Laboratories, Burlington, ON, Canada) according to the 8 

manufacturer’s specifications. Activity was monitored throughout purification. 9 

Ice associating activity was determined using either TH or IR inhibition activity. 10 

TH activity was determined using a Clifton nanolitre osmometer as previously described 11 

[5]. rLpAFP was assessed at protein concentrations between 0.05 and 2.5 mg/mL 12 

routinely using cooling rates of 40 mOs/min (but also 10 mOs/min). IR inhibitory 13 

activity was assayed by both capillary [41] and splat [23] methods as previously 14 

described. For the assay of leaf supernatants or guttation fluid, extracts were diluted 1:2 15 

and prior to loading into either IR apparatus. Type III AFP (3.7 mg/ml) was used as a 16 

positive control and suspension buffer (50 mM Tris-HCl, pH 7.5) as a negative control. 17 

All assays were done three or more times. 18 

Circular dichroism (CD) was used to elucidate the secondary structure and to 19 

assess if folding was temperature dependent. CD measurements were taken of rLpAFP 20 

(2.5 mg/mL), using a short path-length cuvette across a range of wavelengths (180 to 260 21 

nm) with a RSM 1000 (Olis Inc., Bogart, GA). A minimum of three scans were averaged 22 

at all sample temperatures, starting at 4 °C, and increasing to 10 °C and then at 5 °C 23 
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increments to 40 °C and finally 50 °C and 60 °C.  To assess refolding after heating to 60 1 

°C, the cuvette was cooled back to 4 °C for 12 h and then re-scanned at 4 °C.   2 

Native LpAFP Characterization 3 

Initial purification of the native protein used 50-100 g of leaves prepared as 4 

described for the RNA extraction. Soluble proteins were extracted by mixing with equal 5 

volumes of 10 mM Tris-HCl pH 7.5, 25 mM NaCl at 4 ˚C for 30 min followed by 6 

centrifugation at 8000 x g for 10 min. After heating the supernatant at 95 °C for 5 min 7 

and centrifugation at 10000 x g for 30 min, the resulting supernatant was subjected to ice 8 

affinity chromatography, as indicated.  9 

For LpAFP expression profiles, leaves (0.1 g) were collected from flats kept at 22 10 

˚C under the described conditions, as well as after transfer to 4 ˚C for 24 and 48 h. 11 

Samples were also collected when grass, exposed to 4 ˚C for 48 h, was returned to 22 ˚C 12 

for 48 h and 5 days. Leaf tissue was ground in liquid N2, put in suspension buffer, 13 

centrifuged at 10000 x g at 4 ˚C for 10 min and then stored at -20 ˚C until assay. 14 

Supernatants were serial diluted (sequential 1:2 ratios) before IR assay to minimize any 15 

effects of other plant solutes.  16 

Cold acclimated (4 ˚C for >2 weeks) plants were induced to produce guttation 17 

fluid by placing the flats inside ventilated black plastic bags overnight (~16 h) at 4 °C.   18 

Droplets of guttation fluid at the tips of leaves were collected using a 50 19 

capillary tube.  The fluid was then assayed for TH and IR inhibition activity as described.  20 

Cold acclimation expression profiling and gene family analysis 21 

 Transcript abundance was estimated using reverse transcriptase PCR (RT-PCR). 22 

Primers (available upon request) set within the protein coding sequence of all available 23 
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published LpAFP sequences were employed in experiments to amplify the corresponding 1 

DNA from diploid L. perenne, isolated with the DNEasy Plant Mini Kit (Qiagen). Those 2 

primers that were used successfully (see Table 1) were subsequently used for semi-3 

quantitative RT-PCR. RNA was isolated as described, from leaves collected at the same 4 

time as those used for protein expression profiles, as indicated. RNAs (~30 ng/µl) were 5 

used to generate cDNAs with oligo (dT)17  using Superscript
tm

 II Reverse Transcriptase 6 

kit (Invitrogen) according to the product protocols. Generated cDNAs were then used as 7 

templates for PCR with gene specific primers (Table 1) under the following conditions: 2 8 

min at 94 ˚C, 30 cycles of 30 sec at 94 ˚C, 30 sec at 57 ˚C, 1 min at 72 ˚C, final extension 9 

10 min at 72˚ C. The relative abundance of the amplified products was normalized 10 

relative to α-tubulin cDNA control [40].   11 

 Gene copy number was initially investigated with PCR using primers used for the 12 

expression profiling. Gene copy number was subsequently assessed with DNA derived 13 

from a known diploid variety and isolated from either single plants or from callus 14 

cultures derived from these plants in Southern blots. The cDNA corresponding to the 15 

Sidebottom [37] coding region was labeled by nick-translation [32]. Purified DNA (as 16 

described) was digested with the restriction enzymes HindIII, NcoI, NdeI, and BglII. 17 

After electrophoresis on 1% agarose gels, the DNA fragments were capillary transferred 18 

to nylon membranes and Southern blots were conducted as described [32]. 19 
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Results 1 

Recombinant expression and purification 2 

PCR amplification of L. perenne cDNA and cloning followed by sequence 3 

analysis demonstrated the presence of the LpAFP coding region as deduced by the near 4 

identity (118/119) of the conceptually translated residues to the published protein 5 

sequence (GenBank: AJ277399.1) [37]. After purification, rLpAFP, with a predicted 6 

molecular mass of 13.5 kDa, appeared to co-migrate with the 25 kDa marker protein on 7 

SDS-PAGE (Fig. 1A, upper panel). Antiserum to the poly(His) tag was used to confirm 8 

the identity of this band as rLpAFP (Fig. 1A, lower panel). Nevertheless, two protein 9 

peaks observed after RP-HPLC (Fig 1B) had masses closer to the predicted mass (13484 10 

Da and 13552 Da), as determined by MALDI-TOF. Subsequent amino acid analysis (not 11 

shown) revealed that the lower molecular weight protein corresponded to the expected 12 

composition for LpAFP. It not known why rLpAFP migrates in electrophoretic gels at a 13 

position corresponding to proteins with a higher mass, but it is most likely due to its 14 

biased amino acid composition. Indeed, other AFPs with atypical amino acid 15 

compositions have previously been reported to exhibit aberrant gel migration (e.g. [9]).  16 

When ice affinity chromatography or IAP (Fig. 1C) was substituted for RP-HPLC 17 

as the final purification step, a single protein of the correct mass was recovered and this 18 

method of purification was routinely adopted. TH assessments of these purified 19 

preparations routinely showed ~ 0.3 º C (at 1.5 mg/ml protein) at either of the cooling 20 

rates used (Fig. 1D), and corresponding to a typical low activity AFP and LpAFP in 21 

particular [29; 30; 37].  IR inhibition of the purified rLpAFP was detected in the range of 22 

200- 25 nM, similar to that observed for fish type III AFP (not shown). 23 
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The proportion of properly folded, active protein in purified rLpAFP preparations 1 

was assessed by multiple rounds of IAP. After the initial IAP, the mean partition 2 

coefficient was 0.40 (Fig. 1C), but repartitioning the ice-fraction resulted in an improved 3 

mean partition coefficient of 0.75 (not shown), at the lower end of the known range of 4 

IAP partition coefficients of fish and insect AFPs [28], suggesting that this twice IAP-5 

purified LpAFP was better folded.  6 

Proper folding was more accurately assessed using CD analysis. Three clear 7 

folding transitions were observed: between 10 and 15 ˚C, between 20 and 30 ˚C, and 8 

between 50 and 60 ˚C (Fig. 2A). At the highest temperature, the spectrum suggested a 9 

random coil, or the complete unfolding of the protein.  When the sample was returned to 10 

4 ˚C after heating to 60 ˚C, it appeared that only a portion had refolded (Fig. 2B). 11 

Deconvolution of the initial 4 ˚C spectrum was used in an attempt to determine the 12 

secondary structure composition of the recombinant protein, and when compared to the 13 

library of proteins whose tertiary structure (and hence secondary structure composition) 14 

is known, the results suggested a high level of β-sheet structure. However, confirmation 15 

awaits NMR or X-ray crystallographic studies.  16 

Native protein characterization and expression profiling 17 

Native LpAFP from grass extracts was partially purified and characterized. In 18 

contrast to the success with rLpAFP, native LpAFP could not be purified to homogeneity 19 

using IAP. Repeated observations using partially purified preparations, with typically 20 

more than 70 mOs of TH activity (corresponding to ~ 2 mg/ml rLpAFP; Fig. 1D), could 21 

not be further purified using this method since there was no detectible TH activity (or 22 

ice-shaping) in the melted ice-fraction after IAP.   23 
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Guttation fluid produced by cold-acclimated ryegrass possessed both TH and IR 1 

inhibition activity (not shown), consistent with the localization of LpAFP to the 2 

extracellular space of the leaves. Similar to TH assays, IR inhibition activity assays were 3 

positive in cold-acclimated grass samples; clear evidence of activity was seen after 48 h 4 

at 4 ˚C and some activity remained for 48 h after a return to 22 ˚C, using either capillary 5 

or splat assays. However, 5 days after the return to the higher temperature, no IR 6 

inhibition was observed (Fig. 3).  7 

The temperature-dependent activity profile was further explored by designing and 8 

subsequently screening primers for their ability to amplify cDNA from diploid L. 9 

perenne. Primers that were used successfully corresponded to LpAFP and other “ice-10 

associating” sequences reported by Sidebottom et al. (2000) [37], Spangenberg et al. 11 

(2007) [39] and Kumble et al. (2008) [25]. RT-PCR analysis showed that the primers 12 

corresponding to sequence AJ277399.1, amplified transcript sequence that appeared to 13 

be at a low, relatively constant level at all sampled times but was most abundant after 24 14 

or 48 h at 4 °C (Fig. 3). The primers based on the other sequences (LpIRIb, IAP2 and 15 

IAP3; see Table 1) amplified transcript sequence that was apparent in leaves transferred 16 

to 4 °C for 24 h but levels of these messages appeared to increase further after 48 h in the 17 

cold (Fig. 3). The levels of these latter transcripts dropped in leaves after transfer of the 18 

plants to 22 °C for as little as 48 h.  19 

Gene analysis  20 

 Gene copy number was estimated using Southern blots (Fig. 4). A cDNA 21 

corresponding to the coding region of AJ277399.1, and with high identity to the C-22 

terminal region of other published LpAFPs, showed that there were at most a few copies 23 
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of the corresponding sequence present in the genome of diploid plants (Fig. 4). Initial 1 

PCR analysis with genomic DNA from diploid plants showed that amplification products 2 

were detected with primers based on only four of the sequences (Table 1), and not to 3 

other published and patented sequences with reported homology to those listed.   4 
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Discussion 1 

 For the most part AFPs have been characterized from metazoans with a freeze-2 

avoiding strategy [21]. In contrast, LpAFP may confer some protection from damage 3 

associated with freezing conditions [43; 24; 2], either through the winter in perennial 4 

tissues or from spring frosts in the young shoots of annual tissues. We assume that these 5 

proteins must interact with, and adsorb to the surface of ice crystals located outside cells.  6 

Guttation fluid, which results from overnight transpiration in the plant, preferentially 7 

contains extracellular, rather than cytoplasmic proteins [15]. By sampling the guttation 8 

fluid of cold-acclimated grass, we have some evidence for this extracellular localization 9 

of LpAFP, and this concurs with the reports of activity in the apoplast [33]. As well, 10 

since freezing may be inevitable for these plants, there is presumably little to be gained 11 

from high levels of TH activity, and cold-acclimated ryegrass with TH values of 50 mOs, 12 

meet this expectation.  Expression of the recombinant protein verified that the cloned 13 

cDNA encoded a 13.5 kDa LpAFP (as determined by MALDI-TOF) with similarly low 14 

TH activity levels of 0.3 ˚C at 1.5 mg/mL (Fig. 1D).  15 

IAP was successfully used to purify rLpAFP. However, since the production 16 

temperatures used to produce the recombinant protein were higher than the first 17 

unfolding transition as revealed by the CD spectra (Fig. 2), we speculate that initially not 18 

all of the protein was correctly folded. Re-partitioning of the material incorporated in the 19 

first ice-fraction resulted in an almost two-fold increase of the partition coefficient to 20 

0.75, but this is still lower than the IAP values of 0.9-1.1 that have been reported for the 21 

better known fish and insect AFPs (Fig. 1C; [28]). Curiously, the native protein was 22 

distinct from the recombinant protein in this regard since it could not be recovered by 23 
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IAP. This was true for all independent protein preparations derived from cold-acclimated 1 

grass extracts. We can only surmise that either a grass-derived factor associated with 2 

LpAFP prevents ice adsorption in vitro, that post-translational modification of the native 3 

protein reduces the effectiveness of IAP, or that post-translational modifications prevent 4 

the refolding to the active form. In this regard, the primary sequence contains a number 5 

of potential N-linked glycosylation sites and although glycosylation does not appear to 6 

affect LpAFP’s ability to interact with single ice crystals [30], it is not known what 7 

impact it has on the folding transitions. Nevertheless, it is possible that the lower affinity 8 

of LpAFP towards polycrystalline ice adsorption, in addition to its low TH activity, could 9 

be more characteristic of AFPs from freeze-tolerant species.   10 

 Although the 3-D structure of LpAFP has not yet been determined, the CD 11 

analysis (Fig. 2) generally supports a β-roll model [24]. As part of the purification 12 

protocol, the preparation was heated to 95 ˚C and subsequently recovered activity (see 13 

Methods and [37]), and therefore it is curious that while rLpAFP retained at least some of 14 

its activity after this treatment, CD profiles showed evidence of fold modification at 15 

temperatures between 10 and 15 ˚C. Since LpAFP naturally functions at or below 16 

freezing temperatures, a partial unfolding at 15 ˚C would not conceivably affect its 17 

ability to protect the plant from frost damage. Other AFPs also lose activity after heating, 18 

particularly the high TH activity AFPs from winter flounder fish and the snow flea [28; 19 

13]. These latter proteins have been modeled as an α-helix and polyproline type II 20 

helices, respectively, and they are completely distinct from any known plant AFPs [27; 21 

20]. The β-roll model for LpAFP originally suggested that LpAFP could have two 22 

opposite ice-binding faces, leading to speculation that due to the “double ice face”, IR 23 



 16 

inhibition activity might be superior to fish and insect AFPs, even though the protein had 1 

low TH activity [24]. Subsequent in vitro mutagenesis studies, however, support a single 2 

ice-adsorption face [29]. It has previously been shown that both TH and IRI occur from 3 

the same ice binding face (IBF), and that variances in the IBF surface structure between 4 

AFPs create observed differences in TH and IRI [45]. Thus we propose that “ice 5 

binding” as assayed by TH (and IAP) is not tightly correlated with IR inhibition for 6 

LpAFP, which is similar for many AFPs ([45]; Fig. 1C).  7 

 We speculated that high copy number and a variety of isoforms could be 8 

important for the overall higher levels of TH observed in various fish and insect species 9 

[10]. In contrast, our Southern analysis of commercial diploid L. perenne showed that the 10 

sequence (AJ277399.1) is present in only a small number of copies within the genome. 11 

The fact that we could not use genomic DNA of diploid origin to amplify several other 12 

published EST, BAC, and patented sequences indicates that some designated ice-active 13 

protein sequences from L. perenne of differing origins may not be present in all varieties. 14 

This heterogeneity may be the product of polyploidization, since it is well known that 15 

ploidy level can influence gene copy number and isoform abundance [34]. Taken 16 

together, Southern analyses (Fig. 4) and BAC sequencing [33], as well as estimates 17 

obtained by EST libraries [25], indicate that this freeze-tolerant species has far fewer ice- 18 

active gene copies than the dozens and even hundreds of AFP gene copies found in many 19 

of the freeze-avoiding metazoans analyzed to date [35; 36; 6; 26; 1; 8].   20 

            Freeze-intolerant organisms often show complex AFP gene expression patterns, 21 

with distinct transcripts encoding isoforms present at different times in development, and 22 

under different temperature, light level, humidity and hormonal conditions [17; 11; 19; 1; 23 
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12; 31]. In contrast, transcripts of LpAFP and the other ice-active genes studied here 1 

appeared to quickly accumulate to high levels at 4 ˚C and decreased again when plants 2 

were transferred to 22 ˚C (Fig. 3).  Evidence of IR inhibition activity paralleled these 3 

transcript abundance estimates, with no IR inhibition found in plants that were either not 4 

cold stressed or moved, post cold stress, to ambient conditions for extended times. These 5 

results are similar to those obtained from D. antarctica [22]. Because CD assessments 6 

showed that LpAFP modified its fold (but partially reversibly) just below 15 ºC, we 7 

speculate that folding modifications in planta could allow the targeted degradation of the 8 

protein after exposure to higher temperatures. This would account for the absence of 9 

activity even in the presence of the observed “constitutive” LpAFP transcripts, and when 10 

messages for other ice-active genes were not detected.  11 

        The partial characterization of LpAFP presented here represents an initial effort to 12 

understand the role AFPs play in very different life history strategies. Ironically perhaps, 13 

although distinct in TH activity and IAP properties, as well as the number of gene copies, 14 

the proteins from L. perenne appear rather similar to some of their better-known 15 

counterparts from freeze-avoiding organisms with respect to their activity in IR 16 

inhibition, the morphology of the ice crystal shape in the hysteresis gap, their CD 17 

spectra, their extracellular location and their regulated expression. We postulate, 18 

however, that the lack of isoform complexity in these freeze-tolerant plants may help 19 

contribute to lower overall organismal TH values. Indeed, some polyploid L. perenne are 20 

considered more “cold hardy” than certain diploids [44] and we argue that this could be 21 

at least partially due to the decreased complexity of the AFP genes in the latter plants. 22 

Given the interest in transferring AFP sequences to plants of commercial value, we 23 



 18 

suggest that a multigene cassette with low temperature inducible promoters may be 1 

advantageous over single gene insertions to confer low temperature tolerance in 2 

transgenic crops. However, freeze tolerance is such a complex, multifactorial trait [35] 3 

that the transfer of a single protein type, even in multi-isoform copies, is unlikely to be 4 

all that is sufficient to dramatically affect the phenotype. Indeed, this work supports the 5 

hypothesis that the type of strategy adopted by organisms, either freeze-avoiding or 6 

freeze-tolerant, may have as much to do with other proteins than with the AFPs 7 

themselves.  8 

9 
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Figure Captions and Tables 1 

Fig. 1 Purification and initial characterization of recombinant LpAFP. A. A 2 

representative electrophoretic gel stained with Coomasie Blue showing the purification 3 

of LpAFP using metal and ice affinity chromatography. The position of the 25 kDa 4 

marker protein (M) is indicated with an arrow. The progression of the purification steps 5 

included elution from two nickel columns (N1 and N2), heat denaturation (B) followed 6 

by reverse-phase HPLC or ice affinity purification, either in one or two steps (P1 and 7 

P2). The lower image shows a western blot from another gel, with a single ice partition 8 

step, probed with antiserum to poly(His), showing prominent bands corresponding to the 9 

positions of the stained bands in the gel. B. A representative reversed-phase HPLC 10 

profile of the partially purified rLpAFP preparation (to the heat denaturation stage) 11 

showing two protein peaks of 13484 and 13552 Da, with the former peak showing an 12 

amino acid composition corresponding to the cloned sequence. C. Partitioning 13 

coefficients of the ice affinity purification comparing the rLpAFP protein (Lolium), with 14 

data taken from [28] and showing the AFP from the insect Tenebrio molitor (Tm), either 15 

wild type or mutant, as well as the fish type III AFP (in the left panel). The partitioning 16 

coefficient obtained for rLpAFP after a second ice affinity purification (compare round 17 

one and round two in the right panel). D. Ice-associating activity assays of rLpAFP. 18 

Different concentrations of purified protein were assayed for thermal hysteresis (TH) 19 

activity at a cooling rate of 40 mOs/min. Assays were done at least three and means and 20 

standard errors are shown.  21 

Fig. 2. Circular dichroism spectra for purified rLpAFP at different temperatures. The 22 

upper panel shows representative spectra taken at a range of temperatures (4 ˚C to 60 ˚C) 23 
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and the lower panel shows spectra obtained from protein at 4 ˚C, which was then moved 1 

to 60 ˚C and subsequently returned to the lower temperature. 2 

 3 

Fig. 3.  Ice-association activity and LpAFP transcript levels in perennial ryegrass at 4 ˚C 4 

or 22 ˚C. Ice recrystallization (IR) inhibition assays on serial dilutions of grass extracts 5 

obtained from flats kept at 22 ˚C and 24 h and 48 h after transfer to 4 ˚C. After being at 4 6 

˚C for 48 h, the flats were moved to the higher temperature for 48 h and 5 days. Fish 7 

AFP (type III AFP) and buffer (50 mM Tris-HCl) was used as positive and negative 8 

controls, respectively. Capillary and splat IR inhibition assays images were captured 9 

after flash freezing the samples at -50 ˚C (0 h) and after annealing at -6 ˚C for 20 h. The 10 

middle panel shows transcript levels corresponding to different ice-associating sequences 11 

found in the L. perenne diploid variety used in this study. RNA was isolated from grass 12 

harvested as described above and used in reverse transcriptase PCR experiments with 13 

primers corresponding to LpAFP sequences reported [37], LpIRIb sequences reported by 14 

[39] and IAP2 and IAP3 sequences reported by [25] in panels a, b, c and d, respectively. 15 

Panel e depicts transcript abundance of L. perenne α-tubulin [40] as a loading control.  16 

Fig. 4. Southern blot of purified DNA from L. perenne leaves from a monogenetic tissue 17 

culture line using a radiolabelled probe made from the known 357 bp AJ277399.1 18 

LpAFP sequence [37].   19 
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Table 1. Primers used successfully in this study. Genes and primers which did not 1 

produce amplified products are not shown.  2 

Gene 
Amplified 

Primer 
Name  

Sequence 5’-3’ Genomic 
Sequence 

Length (bp) 

Nucleotides 
Amplified 

Product Size 
(bp) 

GenBank 
AJ277399.1 
(LpAFP) 

LpAFP_FW GATGAACAGCCGAATACGATTT
CTG 

 
 

357 

 
 

1-357 

 
 

357 
 LpAFP_RV TTAAGCGTCTGTCACGACTTTG

TTG 
Spangenberg et 
al. 2007 LpIRIb 

LpIRIb_FW CTTACATAGCTGAACCAATGGA
GA 
 

 
980 

 
1-980 

 
980 

 LpIRIb_RV GTGATGCTATATCCACGAAGTT
ACAT 

Kumble et al. 
2008, IAP2 

IAP2_FW GCAACGTCGTGGTCG  
980 

 
104-838 

 
734 

 IAP2_RV TTAACCATCTGTTACGACTTT 

Kumble et al. 
2008, IAP3 

IAP3_FW GCGACGTCGTGCCACCTG  
1084 

 
116-905 

 
789 

 IAP3_RV TCATTCATCTCCTGTCACGAG 

  

Table1
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