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Table S1. Performance comparison of different language models on an independent test set
	Model
	accuracy
	f1_macro
	matthews_mcc
	precision_macro
	auroc_macro
	class_0_f1
	class_0_precision
	class_1_f1
	class_1_precision
	class_2_f1
	class_2_precision

	PTAC
	94.9%
	94.8%
	92.5%
	95.0%
	99.2%
	92.2%
	96.0%
	98.9%
	99.4%
	93.3%
	89.5%

	ProPrime_650M_OGT_Prediction
	92.9%
	92.8%
	89.5%
	93.0%
	98.9%
	89.0%
	93.0%
	97.9%
	99.4%
	91.4%
	86.6%

	Prime_690M
	92.1%
	91.9%
	88.3%
	92.2%
	98.8%
	87.6%
	91.6%
	98.2%
	100.0%
	89.9%
	85.0%

	prot_t5_xl_uniref50
	90.0%
	89.8%
	85.0%
	89.9%
	97.5%
	86.4%
	87.5%
	95.9%
	96.4%
	87.3%
	85.6%

	prot_bert
	89.0%
	88.9%
	83.5%
	89.3%
	98.0%
	88.4%
	94.2%
	90.3%
	87.8%
	88.0%
	85.8%

	esm1v_t33_650M_UR90S_5
	89.0%
	88.8%
	83.4%
	88.9%
	97.0%
	87.0%
	88.2%
	92.4%
	91.9%
	87.1%
	86.5%

	prot_t5_xl_bfd
	88.3%
	88.2%
	82.5%
	88.2%
	96.9%
	87.2%
	89.3%
	92.3%
	89.9%
	85.0%
	85.5%

	esm1v_t33_650M_UR90S_3
	88.1%
	88.0%
	82.3%
	88.3%
	97.3%
	86.4%
	92.0%
	92.2%
	90.9%
	85.4%
	82.0%

	esm1v_t33_650M_UR90S_2
	88.1%
	88.0%
	82.3%
	88.2%
	97.1%
	85.3%
	87.3%
	92.5%
	94.5%
	86.3%
	82.7%

	prot_bert_bfd
	87.9%
	87.8%
	81.9%
	88.1%
	97.2%
	87.5%
	92.2%
	90.4%
	89.1%
	85.5%
	82.9%

	esm1v_t33_650M_UR90S_1
	85.6%
	85.4%
	78.7%
	86.1%
	96.5%
	83.2%
	91.5%
	90.8%
	89.2%
	82.3%
	77.6%

	esm1v_t33_650M_UR90S_4
	85.4%
	85.0%
	78.8%
	86.3%
	96.8%
	78.8%
	91.5%
	92.2%
	90.9%
	83.9%
	76.5%

	esm1b_t33_650M_UR50S
	85.4%
	85.2%
	78.1%
	85.3%
	95.8%
	82.6%
	84.6%
	90.3%
	87.8%
	82.6%
	83.4%

	esm2_t33_650M_UR50D
	84.4%
	84.2%
	76.7%
	84.5%
	96.5%
	80.7%
	84.0%
	89.2%
	90.9%
	82.8%
	78.5%

	deep_bpe_400
	84.2%
	84.0%
	76.4%
	84.3%
	94.6%
	81.1%
	87.4%
	89.0%
	87.5%
	81.7%
	78.1%

	deep_unigram_100
	83.5%
	83.3%
	75.3%
	83.4%
	94.3%
	80.8%
	82.1%
	88.4%
	86.9%
	80.8%
	81.1%

	deep_unigram_50
	83.5%
	83.3%
	75.3%
	83.4%
	94.7%
	79.5%
	82.2%
	89.5%
	88.5%
	80.9%
	79.4%

	deep_bpe_50
	83.5%
	83.2%
	75.8%
	84.1%
	94.2%
	77.9%
	87.9%
	89.8%
	89.0%
	81.9%
	75.4%

	esm2_t12_35M_UR50D
	83.3%
	83.1%
	75.1%
	83.3%
	94.5%
	79.3%
	82.6%
	90.9%
	91.1%
	79.1%
	76.1%

	deep_unigram_400
	82.5%
	82.3%
	73.8%
	82.5%
	93.5%
	79.7%
	84.3%
	87.0%
	85.7%
	80.3%
	77.6%

	deep_base
	81.9%
	81.6%
	73.0%
	82.0%
	94.6%
	78.2%
	85.0%
	87.8%
	85.1%
	78.8%
	75.9%

	deep_bpe_800
	81.9%
	81.6%
	72.8%
	81.7%
	93.4%
	78.7%
	80.5%
	87.4%
	85.0%
	78.7%
	79.5%

	deep_bpe_100
	81.7%
	81.4%
	72.6%
	81.8%
	93.6%
	79.0%
	85.2%
	86.9%
	84.4%
	78.4%
	75.8%

	deep_unigram_200
	81.7%
	81.3%
	73.0%
	82.5%
	93.8%
	76.6%
	89.0%
	87.8%
	85.1%
	79.4%
	73.5%

	deep_unigram_800
	81.7%
	81.4%
	72.6%
	81.7%
	93.5%
	78.9%
	84.1%
	85.7%
	81.8%
	79.6%
	79.4%

	deep_bpe_3200
	81.3%
	81.1%
	72.0%
	81.4%
	93.5%
	77.9%
	81.7%
	86.3%
	87.4%
	79.1%
	75.0%

	esm2_t30_150M_UR50D
	81.0%
	80.9%
	71.6%
	81.1%
	94.3%
	77.4%
	79.2%
	88.9%
	90.8%
	76.4%
	73.2%

	deep_unigram_1600
	80.8%
	80.6%
	71.3%
	80.9%
	93.9%
	77.8%
	83.2%
	85.9%
	82.6%
	78.0%
	76.7%

	deep_bpe_200
	80.4%
	80.1%
	70.7%
	80.4%
	93.3%
	77.6%
	82.6%
	86.3%
	82.4%
	76.4%
	76.1%

	deep_unigram_3200
	79.2%
	78.7%
	69.2%
	79.7%
	92.6%
	73.5%
	84.9%
	86.2%
	82.7%
	76.4%
	71.6%

	esm2_t6_8M_UR50D
	77.5%
	77.0%
	66.2%
	77.0%
	92.0%
	75.2%
	75.5%
	87.4%
	85.4%
	68.4%
	70.1%

	ankh-large
	77.3%
	76.5%
	66.0%
	76.7%
	91.2%
	74.5%
	76.0%
	87.1%
	81.9%
	68.0%
	72.3%

	ankh-base
	74.6%
	73.7%
	62.2%
	74.5%
	89.6%
	73.3%
	75.5%
	82.0%
	74.5%
	66.0%
	73.6%

	deep_bpe_1600
	41.7%
	33.0%
	15.4%
	29.5%
	63.7%
	50.4%
	37.2%
	48.5%
	51.3%
	0.0%
	0.0%



Table S2. Performance comparison of different language models on the validation set
	Model
	Accuracy
	Precision
	Recall
	F1
	AUROC

	ProPrime_650M_OGT_Prediction
	95.3%
	95.1%
	95.3%
	95.2%
	99.3%

	Prime_690M
	94.8%
	94.5%
	94.8%
	94.6%
	99.2%

	prot_t5_xl_uniref50
	91.4%
	91.0%
	91.1%
	91.0%
	98.1%

	prot_t5_xl_bfd
	91.2%
	90.8%
	90.5%
	90.6%
	98.0%

	esm1v_t33_650M_UR90S_3
	90.4%
	89.9%
	89.9%
	89.9%
	97.8%

	esm1v_t33_650M_UR90S_2
	90.1%
	89.6%
	89.4%
	89.5%
	97.8%

	esm1v_t33_650M_UR90S_5
	88.8%
	88.3%
	88.1%
	88.2%
	97.7%

	esm1v_t33_650M_UR90S_1
	86.5%
	86.1%
	86.3%
	86.0%
	97.4%

	esm2_t33_650M_UR50D
	88.3%
	87.9%
	88.2%
	87.9%
	97.4%

	prot_bert
	88.8%
	88.5%
	88.8%
	88.5%
	97.4%

	esm1v_t33_650M_UR90S_4
	86.7%
	86.6%
	86.7%
	86.3%
	97.3%

	prot_bert_bfd
	88.3%
	88.0%
	87.9%
	87.9%
	97.3%

	esm1b_t33_650M_UR50S
	87.2%
	86.8%
	86.6%
	86.6%
	96.5%

	esm2_t30_150M_UR50D
	86.7%
	86.1%
	86.2%
	86.2%
	95.9%

	deep_bpe_400
	84.4%
	83.8%
	84.0%
	83.8%
	95.2%

	deep_unigram_50
	84.6%
	84.1%
	84.0%
	84.0%
	94.9%

	esm2_t12_35M_UR50D
	82.6%
	81.7%
	81.7%
	81.7%
	94.7%

	ankh-large
	82.6%
	81.5%
	81.5%
	81.4%
	94.5%

	deep_unigram_100
	82.8%
	82.3%
	82.5%
	82.4%
	94.5%

	deep_bpe_50
	81.8%
	81.8%
	81.9%
	81.4%
	94.3%

	deep_unigram_200
	83.1%
	82.9%
	83.1%
	82.7%
	94.2%

	deep_bpe_800
	83.3%
	82.7%
	82.8%
	82.7%
	94.2%

	deep_base
	83.1%
	82.4%
	82.6%
	82.4%
	94.2%

	deep_unigram_400
	83.3%
	82.7%
	82.7%
	82.7%
	94.1%

	deep_bpe_3200
	84.4%
	84.0%
	84.2%
	84.0%
	94.0%

	deep_bpe_100
	82.6%
	82.1%
	82.3%
	82.1%
	93.9%

	deep_unigram_1600
	82.6%
	81.9%
	81.9%
	81.8%
	93.9%

	deep_unigram_800
	82.0%
	81.2%
	81.1%
	81.1%
	93.8%

	deep_bpe_200
	84.1%
	83.7%
	84.0%
	83.7%
	93.8%

	deep_unigram_3200
	83.6%
	83.4%
	83.6%
	83.2%
	93.7%

	esm2_t6_8M_UR50D
	81.3%
	80.5%
	80.4%
	80.4%
	93.3%

	ankh-base
	77.1%
	76.2%
	75.7%
	75.6%
	91.1%

	deep_bpe_1600
	47.7%
	33.1%
	43.8%
	36.4%
	67.9%



Table S3. Performance comparison of downstream classifiers using the same ProtT5-ProPrime fused features
	Model
	ACC
	SN
	SP
	PRE
	F1
	AUROC_macro
	AUPRC_macro

	MLP
	94.6±0.7%
	94.3±0.8%
	97.4±0.3%
	94.3±0.8%
	94.3±0.7%
	99.4±0.2%
	98.7±0.4%

	CatBoost
	94.6±0.9%
	94.3±1.0%
	97.4±0.4%
	94.1±1.0%
	94.2±1.0%
	99.4±0.2%
	98.7±0.4%

	XGBoost
	94.6±0.8%
	94.3±0.9%
	97.4±0.4%
	94.1±0.8%
	94.2±0.8%
	99.3±0.2%
	98.5±0.4%

	GBDT
	94.1±1.0%
	93.8±1.1%
	97.2±0.5%
	93.6±1.1%
	93.7±1.1%
	99.2±0.2%
	98.3±0.5%

	LightGBM
	94.0±0.9%
	93.6±1.0%
	97.1±0.4%
	93.6±1.0%
	93.6±1.0%
	99.2±0.2%
	98.2±0.5%

	RF
	93.8±0.7%
	93.5±0.7%
	97.0±0.3%
	93.4±0.7%
	93.4±0.7%
	99.2±0.2%
	98.2±0.3%

	KNN
	92.2±1.0%
	91.8±1.1%
	96.3±0.5%
	91.7±1.1%
	91.7±1.1%
	98.6±0.4%
	97.0±0.9%

	Bay
	91.9±1.3%
	91.9±1.4%
	96.2±0.6%
	91.5±1.3%
	91.5±1.4%
	97.5±0.3%
	91.8±0.9%

	DT
	85.9±0.8%
	85.3±0.8%
	93.2±0.4%
	85.2±0.9%
	85.1±0.9%
	88.9±0.6%
	77.0±1.0%


This table systematically compares the performance of the MLP classifier designed in this paper with that of various traditional machine learning classifiers on a three-class protein temperature adaptability classification task, using a fixed two-channel fused feature input; all results are the mean ± standard deviation from five-fold cross-validation, with bold text indicating the best performance in that column


Table S4. Generalization performance across different sequence similarity intervals on the independent test set
	Ident.
	ACC
	SD
	Macro-F1
	SD
	MCC
	SD
	Num

	20%
	93.3%
	1.1%
	93.1%
	1.1%
	89.7%
	1.7%
	193

	30%
	98.3%
	0.0%
	97.4%
	0.0%
	97.9%
	0.0%
	58

	40%
	97.8%
	0.0%
	96.2%
	0.0%
	96.4%
	0.0%
	89

	50%
	93.4%
	2.1%
	93.3%
	2.1%
	90.3%
	3.2%
	76

	60%
	88.3%
	3.0%
	88.0%
	3.0%
	83.7%
	4.2%
	36

	70%
	89.5%
	2.1%
	91.3%
	2.4%
	82.2%
	3.7%
	21

	80%
	100.0%
	0.0%
	93.2%
	1.3%
	100.0%
	0.0%
	7


SD: Standard deviation of the prediction performance of the 5-fold cross-validation model on the independent test set



Table S5. Protein prediction confidence scores
	Mesophilic
	Prob0
	Prob1
	Prob2
	Thermophilic
	prob0
	Prob1
	Prob2
	Psychrophilic
	Prob0
	Prob1
	Prob2

	Mes913_1231|0
	99.9%
	0.0%
	0.1%
	The126_1567|1
	0.0%
	100.0%
	0.0%
	sp_Q47VM6_394|2
	0.5%
	0.0%
	99.5%

	Mes999_1296|0
	99.9%
	0.0%
	0.1%
	The218_1629|1
	0.0%
	100.0%
	0.0%
	sp_Q483C9_276|2
	0.6%
	0.0%
	99.4%

	Mes311_858|0
	99.9%
	0.0%
	0.1%
	The393_1749|1
	0.0%
	100.0%
	0.0%
	sp_Q12Z15_201|2
	0.6%
	0.1%
	99.3%

	Mes81_706|0
	0.6%
	0.3%
	99.1%
	The60_1513|1
	98.9%
	0.4%
	0.7%
	sp_Q47UB2_604|2
	97.6%
	0.2%
	2.2%

	Mes134_731|0
	2.5%
	0.4%
	97.1%
	The1293_2366|1
	4.2%
	1.5%
	94.3%
	sp_Q12VF4_121|2
	84.0%
	6.5%
	9.5%

	Mes1161_1423|0
	4.5%
	0.3%
	95.3%
	The644_1946|1
	56.5%
	37.3%
	6.3%
	sp_Q12TI4_161|2
	72.1%
	4.8%
	23.1%


For each temperature category (mesophilic, thermophilic, psychrophilic), the softmax probability distributions are listed separately for the three samples with the highest confidence (top three columns) and the three samples with the lowest confidence (bottom three columns). prob0, prob1, and prob2 represent the model’s predicted probabilities for mesophilic, thermophilic, and psychrophilic, respectively; the bolded values indicate the highest predicted probability for that sample (i.e., the category determined by the model). All probabilities are normalized by the softmax function, and the sum of the probabilities for each sample is 1
	[image: ]


Fig. S1. Construction of the Acid-Resistant Protein Classification Task Dataset
(a) pH distribution plot of the dataset; (b) EC number distribution plot of the dataset; (c) Microbial species distribution plot of the pHenv dataset
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Fig. S2. Comparison of independent test performance with existing models across the three categories: thermophilic, mesophilic, and psychrophilic
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Fig. S3. Comparative analysis of structural features of high- and low-confidence mesophilic, thermophilic, and psychrophilic proteins
[bookmark: _GoBack](a) Structural analysis of 18 proteins. Green, orange, and blue represent mesophilic, thermophilic, and psychrophilic proteins, respectively; darker and lighter shades indicate high- and low-confidence predictions. High-confidence predictions were associated with class-specific secondary structure patterns, whereas some low-confidence proteins showed atypical secondary structure proportions or low molecular weights.(b) Surface electrostatic potential analysis. Red and blue indicate negative and positive potentials, respectively. High-confidence predictions showed distinct surface charge patterns across temperature-adaptation classes, while some low-confidence proteins exhibited more uniform or contrasting patterns.
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