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ABSTRACT

3D structure-conditioned protein sequence generation, also known as protein in-
verse folding, is a key challenge in computational biology. While large language
models for proteins have made significant strides, they cannot dynamically in-
tegrate rich multimodal representations from existing datasets, specifically the
combined information of 3D structure and 1D sequence. Additionally, as datasets
grow, these models require retraining, leading to inefficiencies. In this paper, we
introduce PRISM, a novel retrieval-augmented generation (RAG) framework that
enhances protein sequence design by dynamically incorporating fine-grained multi-
modal representations from a larger set of known structure-sequence pairs. Our
experiments demonstrate that PRISM significantly outperforms state-of-the-art
techniques in sequence recovery, emphasizing the advantages of incorporating
fine-grained, multimodal retrieval-augmented generation in protein design.

1 INTRODUCTION

Proteins are fundamental to biological functions, with their three-dimensional (3D) structure gov-
erning their activity. This structure is determined by the amino acid sequence, making the inverse
folding problem—designing a sequence that adopts a target structure—a central challenge in protein
design. However, due to the intricate and non-deterministic nature of structure-to-sequence mapping,
traditional computational approaches are often impractical.

Deep learning has emerged as the predominant approach for structure-conditioned sequence design,
leveraging graph neural networks (GNNs) for 3D structural encoding (Jing et al., 2020; Dauparas
et al., [2022; Ingraham et al., 2019; [Mahbub & Bayzid, [2022; |Alam et al.| 2024)) and generative
approaches, including autoregressive (Dauparas et al.,[2022; Joshi et al., |2024), conditional masked
language modeling (Ghazvininejad et al., 2019} |[Zheng et al., 2023)), and discrete diffusion (Wang
et al. [2024a; (Sun et al., |[2024; [Ellington et al., 2024} Zou et al., 2024), for sequence generation.
However, existing methods primarily learn in a sfatic manner, with limited efforts to dynamically
incorporate fine-grained, multimodal protein representations of training samples—specifically, the
joint information of 3D structure and 1D sequence—during inference. Recent work by Wang et al.
(2024b) explored retrieval-augmented generation (RAG) to leverage existing protein databases during
inference for antibody design. However, their approach relies heavily on traditional full-structure
similarity search, which is computationally expensive and lacks fine granularity. Moreover, their
retrieval mechanism is predominantly structure-based, overlooking the integrated role of sequence
information.

In this study, we introduce PRISM, a novel multimodal RAG framework for protein inverse fold-
ing that dynamically retrieves and integrates fine-grained multimodal protein representations in a
computationally efficient manner. PRISM fully leverages both 3D structural and sequence informa-
tion, capturing rich local and global dependencies. Experimental results demonstrate that PRISM
substantially outperforms the other state-of-the-art protein inverse folding methods in sequence
recovery.
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Figure 1: The overall pipeline of our proposed framework PRISM.

In this section we discuss our proposed RAG framework, namely PRISM. The overview of our
framework is demonstrated in Figure[T]

2.1 STRUCTURE-SEQUENCE MULTIMODAL REPRESENTATION

We start with a function G capable of jointly encoding two modalities of data—the 3D structure X and
1D sequence S of any protein P (Figure[T] Point (D). Specifically,

E=G(P)=G(X,5) e RV*4, 6))

where £ is the joint embedding, N is the number of residues in the protein P, and d is the embedding
dimension. Here X is the 3D structure of the protein, which can be represented as a nearest
neighbor graph, X (V, E), where V and E respectively represent the nodes and the edges of this
graph (|V| = N). Also S = [S1, 52, ..., Sn] is the sequence of amino-acid residues S; in P. The
joint embedding matrix, £ € RN >4 consists of N vectors, each representing an amino acid in the
protein P. Each vector, &; € R?, captures the context of the 3D neighborhood surrounding the
j-th residue as well as its long-range dependencies with other parts of the protein. This approach
differs from many retrieval-augmented generation (RAG) methods, which segment sequences and
represent each segment with a single vector, potentially losing granularity essential for accurate
protein representation.

The sequence S can be effectively encoded using pre-trained protein language models (Sun et al.
[2024; |Nadav et al.,|2023}; Wang et al.| [2024a)), while the graph X' (V, E) can be encoded with standard
protein 3D structure encoders (Dauparas et al.| 2022} [Gao et al., 2022} Jing et al., 2020). Some
methods jointly encode the structure and sequence of proteins, leveraging both pre-trained language
models and structure encoders (Zheng et al.,[2023; [Wang et al.,2024a; [Sun et al.,[2024). In this study,
we utilize AIDO.ProteinlF (Sun et al.|, 2024) as the multimodal encoding function G(.), however, we
note that our proposed method is agnostic to any specific embedding model.

2.2 VECTOR-DATABASE

Here we will discuss how we create our vector-database (Vector-DB). We assume that we have access
to the structures and sequences of a set of M proteins P = {P" : i € [1, M]} = {(X*(V*, E?), S%) :
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€ [1, M]}, ideally used as a training set. We embed each protein P? € P with the function G
(Equation |1)) and get a set of embedding matrices E = {£° : i € [1, M]}. Now we create our vector
database as a set of mappings, V.= {(&; = f}) :i € [, M] and j € [1,|P"|]}, where each element
<5} = f;) is a mapping from an embedding vector 5} to a 3D structure fragment f?, consisting of r

closest residues of the j-th residue in protein P? (r is a hyperparameter). Later we use these fragments
for structure-based filtering (discussed later in Section[2.4). Our vector-database is demonstrated in

Figure[T] Point 2).
2.3 HIERARCHICAL RETRIEVER

For inverse folding, during inference we only know the structure X' of a query protein P9, which
we use to generate a sequence. The query proteins should also be encoded by the same joint-
embedding function G form Equation[T} However, since we do not know any sequence for our query
protein a priori, we can estimate an initial version of the sequence with any off-the-shelf inverse
folding method (Sun et al. 2024} [Zheng et al., 2023; |Wang et al.l 2024al), which we can further
improve with our RAG-based framework. We choose AIDO.ProteinIF (Sun et al., 2024)) as our initial
sequence estimator (our approach is agnostic to any other such method). The initial estimate Sa
is then used to compute a crude representation of our query protein as E1=g (X9, X ). For each
vector flq, we retrieve a set of the top K most similar entities V{9 € V based on cosine-similarity,

where K is a hyperparameter and W[q vl]| = K. We note that 9 is likely to be a less accurate
representation of the protein P?. However, from our analysis we find that our retriever can usually
use this embedding to retrieve structurally similar fragments from other proteins in V, as shown in an
example in Appendix Flgure Bl We also note that the complexity of search in a naive retrieval
process would be O( i 1 | P; |) which can be quite expensive for large M. Especially the search
can become prohibitive if we want to use a very large training set (e.g., millions of proteins from
AlphaFoldDB (Varadi et al.,|2022; John et al., 2021})) or when computational resource is limited. To
address this we take a hierarchal retrieval approach (Malkov & Yashunin, |2018). This allows us to
retrieve entities form V in O ( log(zgl |P;|)) time, which is much faster than the naive approach.
Our retriever module is shown as Point 3) in Figure[I} Future work will explore the potential of
different types of retrieval techniques.

2.4 STRUCTURE-BASED FILTERING

As discussed above, we retrieve relevant entities from our vector database based on a crude repre-
sentation £4 of our query protein P?. However, we note that the perfomance of such retrieval will
partly depend on the accuracy of the initial estimation Sp. In order to relax such dependency, we

further filter out a small subset of the retrieved entities in V%! using direct 3D structure similarity
search, using a widely used tool named MASTER (Zhou & Grigoryan, [2015; 2020) (Figurem Point
@). Specifically, we first extract the structure fragment f;’ that consists of 7 nearest neighbors of

the [-th residue in our query protein P?. Then, for each element (a mapping) (£} N fl> € Vi,
we compute the structural similarity score between f; and the query fragment f; (root mean square

distance of locally aligned structures). Based on these scores, we take the top K entities from V12!
and end up with a subset VIl € V19!l € V, where K = |VI1%!| < K. This further refines the set of
the entities we retrieve to be highly relevant to the query protein. Unlike Wang et al.|(2024b)), we apply
traditional structure search only on the retrieved subset of fragments, which makes it computationally
much efficient. Moreover, we apply structure-based filtering only during inference, which further
reduces the total computational cost.

2.5 AGGREGATION AND GENERATION

We aggregate the filtered entities V(9] VI € [1,]5|] to generate a new sequence S¢. We do this
with a series of L consecutive learnable blocks, each consisting of one multihead self-attention
layer (MHSA), one multihead cross-attention layer (MHCA), and two bottleneck multilayer percep-
trons (Houlsby et al.;[2019) (L is a hyperparameter). In the rest of this article, we refer to this hybrid
block as multihead self-cross attention block (MHSCA).

As shown in Figure I (Point () and in Appendix [E I (Figure E) for VI € [1,]59]] we first extract the
embedding vectors {(€})x : k € [1, K]} from our retrieved entities in V19!, where (€1 is the key

[a,]

of the mapping Vk . We then merge them with the query vector & and linearly project the output
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to create a matrix H; € RE+Dxd" 5q

H = corlcat({((‘,’;.:);~C ke[, K]} U{&}) Wy, 2
where concat(.) performs a concatenation operation on the vectors in the union set, W € R%*4
is a learnable parameter, and d’ is the output embedding dimension. Then for the whole query

protein P? we get a tensor H? = [H{, Hi, ... ,H‘qgﬂ] € RISIXE+Dxd" which is used as query,
key, and value of MHSA (see [Vaswani| (2017) for definitions). To ensure that the generator can
effectively leverage any residual 3D structural information, we also encode the input structure
X9 separately using a structural encoder, where no sequence information is provided. Similar
to AIDO.ProteinlF (Sun et al., |2024), we leverage ProteinMPNN-CMLM (Zheng et al., 2023)
for structure encoding, which is a variant of the original ProteinMPNN method (Dauparas et al.,

2022) trained with conditional masked language modeling objective (Ghazvininejad et al., [2019).

This generates structural encoding p? € RI®*IX4” This encoding is then linearly transformed
and merged with a linear projection of query encoding £9, creating a new representation matrix
07 e RIS'IXd" where each element 0] = concat({pjW,,EWe}) € R?, with two learnable

a4’

parameters W, € RY %% and We € R4X % . For our MHCA blocks, we use 69 as the query, and
H? as both the key and value. The motivation behind such design of MHSCA is, while MHSA layers
can help jointly attend to multiple parts of the input protein as well as their corresponding retrieved
embeddings, MHCA can help extract any kind of residual structural information needed to better
decode the sequence. Moreover, since the MHCA here preserves the same dimension as 64, the output
representation has |$’ 4| vectors which we can directly pass through another linear layer to generate

the output logits YV € RIS Ixd", Sampling with ) provides us with a newly generated sequence S,

3 RESULTS AND DISCUSSION

For our experiments, we leverage the widely used CATH-4.2 dataset (Orengo et al.,|1997). This is a
standard benchmark datatset where all the sequences are within 500 residues length. In Appendix [C.T}
in Figure 2] and Table 2] we show the distribution of sequence lengths and statistics on this dataset,
respectively.

Table 1: Evaluation of various protein inverse folding techniques. Sequence recovery rates (SRR)
of earlier methods are referenced from [Wang et al.[ (2024a)) and [Sun et al.| (2024). The best and
the second best scores are shown in bold and italic fonts. Here “pLM?” is the acronym for “protein
language model”.

Method Name Uses pLM? Uses RAG? SRR

StructTrans (Ingraham et al.,2019) X X 35.82 %
GVP (Jing et al.| 2020) X X 39.47 %
ProteinMPNN (Dauparas et al., [2022) X X 45.96 %
PiFold (Gao et al.,|2022) X X 51.66 %
ProteinMPNN-CMLM (Zheng et al.,|2023) X X 48.62 %
LM-Design (Zheng et al.,[2023) Ve X 54.41 %
DPLM (Wang et al., 2024a) v X 54.54 %
AIDO.ProteinlF (Sun et al.| [2024) v X 58.60 %
PRISM (Ours) v v 60.28 %

In Table[T]and Appendix [F] we present a quantitative comparison among different state-of-the-art
(SoTA) methods for protein inverse folding. We show that, with the help of our proposed RAG
framework, we can significantly improve the sequence recovery rate on CATH-4.2 benchmark dataset.
Specifically, PRISM achieves a recovery rate about 1.7% higher compared to the next best performing
method AIDO.ProteinlF (Sun et al., [2024).

4 CONCLUSION

In this study, we present PRISM, a multimodal retrieval-augmented generation framework aimed
at improving protein inverse folding by dynamically incorporating finegrained structure-sequence
multimodal representations from a larger protein database, resulting in enhanced sequence recovery
over current methods. Future work will involve testing on additional datasets and examining the
generated sequences for notable insights.
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A RELATED WORK

Protein inverse folding, the process of designing amino acid sequences that fold into specific three-
dimensional structures, has been a focal point of computational biology research. In 2022, Dauparas
et al.| (2022) proposed ProteinMPNN, widely popular autoregressive method for designing protein
sequences that fold into desired structures. It achieved an impressive sequence recovery rate on
native backbones, outperforming traditional methods, showing versatility extending to designing
monomers, cyclic oligomers, nanoparticles, and target-binding proteins. |Gao et al.| (2022) introduced
PiFold, a method that effectively combines expressive features with an autoregressive sequence
decoder to enhance both the accuracy and efficiency of protein design. PiFold achieved a high
recovery rate on the benchmark dataset and demonstrated a speed advantage, being 70 times faster
than some autoregressive counterparts. That same year, Hsu et al.| (2022) proposed a sequence-to-
sequence transformer model trained using predictions by AlphaFold2, a state-of-the-art structure
prediction method (John et al., [2021). By leveraging putative structures of millions of proteins,
their approach achieved a notable improvement in the field. [Zheng et al| (2023) introduced the
usage of protein language models (Nadav et al.| 2023} [Meier et al.| 2021)) for structure-conditioned
protein sequence design, or in other words, inverse folding. Another work by [Wang et al.| (2024a)
extended this by incorporating diffusion language modeling for effective sequence generation. [Sun
et al.| (2024) pretrained a 16 billion parameter protein language model with a mixture-of-expert
architecture, which they further adapted for prediction and sequence generation tasks, and surpassing
the previous methods. To address the need for standardized evaluation, |Gao et al.|(2023b) also
proposed ProteinlnvBench, a comprehensive benchmark for protein design. This framework includes
extended design tasks, integrated models, and diverse evaluation metrics, facilitating more rigorous
comparisons across different methods.

B PRELIMINARIES

B.1 PROBLEM DEFINITION

The protein inverse folding problem can be defined as a mapping from a set of 3D atomic coordinates
of the protein’s conformation, denoted as P = {p1, pa, ..., P, }, where each p; € R3 represents the
3D position of the ¢-th atom in the protein structure, to a sequence of amino acids S = [s1, S2, . . ., Sp],
where s; € {A,C,D,E,E G, H,LK,L, M, N,P,Q,R, S, T, V, W, Y} represents the i-th residue in
the sequence. This problem is typically solved by learning a mapping function f, where f : R3"® —
R207_ which maps the 3D structure to a sequence of probabilities over the 20 possible amino acids
for each position. Deep learning models, especially convolutional neural networks (CNNs) and graph
neural networks (GNNs), are commonly used to capture the spatial and sequential dependencies
between the amino acids and their 3D structural context (Gao et al.|[2022; [Dauparas et al., [2022} Jing
et al., [2020; Hsu et al., [2022).

In graph-based approaches to represent protein structures, the 3D structure is represented as a graph
G = (V, E), where V is the set of vertices corresponding to the amino acid residues in the sequence,
and F represents the edges that encode interactions between residues based on their spatial proximity
or other physicochemical relationships (Dauparas et al.,2022; Jing et al.,[2020). Each node v; € V
encodes the 3D coordinates of the corresponding amino acid residue s;, while the edges e;; € E
capture the interactions between residues ¢ and 7, typically modeled by geometric proximity or
pairwise interactions.

Given a new input structure, the trained model predicts the sequence that best corresponds to this
structure by generating the sequence either step-by-step (by autoregressive models, typically by
selecting the most probable amino acid at each position) or the full sequence all at once (by non-
autoregressive models). Sequence generation may also involve sampling techniques, such as Monte
Carlo methods or variational autoencoders, to explore the space of possible sequences that can
fold into the same or similar structures (Wang et al.| 2024a; Dauparas et al.,2022). This approach
enables the design of novel protein sequences with desired structural properties, which is useful for
applications like protein engineering and drug design (Orengo et al., |1997;|Gao et al.| 2022).

B.2 RETRIEVAL AUGMENTED GENERATION (RAG)

Retrieval-Augmented Generation (RAG) is a hybrid approach that combines retrieval-based methods
with generative models to improve the performance of tasks such as question answering, text genera-
tion, and information synthesis (Lewis et al.,[2020; Mahbub et al.; |Gao et al.,|2023a). Specifically,
RAG can be defined as a two-step process: retrieval followed by generation. Let () denote a query or
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input context, which could be a question, prompt, or incomplete information requiring completion.
The goal is to generate a response Y, which is typically a natural language text or an answer to the
query, informed by relevant external knowledge.

In the retrieval step, a set of candidate documents or entities D = {dy,ds,...,d,,} is retrieved
from a large knowledge base K, based on their relevance to the query @ (Lewis et al.,|[2020; /Wang
et al.}2024b)). This retrieval process can be formulated as selecting a subset of documents D C /C,
where each document d; is scored based on its similarity to the query () using a retrieval function
r: K x @ — [0, 1], such that,

D = Retrieve(Q, K) = {d;|r(Q, d;) > ¢},

where ¢ is a threshold determining the relevance of each document. The retrieved documents D are
then used as context in the subsequent generation phase.

In the generation step, a generative model G is used to generate the output Y given the query ) and
the retrieved entities D,

Y = G(QvDa QG)v

where G is typically a sequence-to-sequence model, such as a Transformer-based model, and 8¢
represents the parameters of the generative model. The model is trained to maximize the likelihood
of generating the correct response Y conditioned on both the query () and the retrieved documents
D. The final output Y is generated by sampling or decoding from the distribution P(Y'|Q, D). The
integration of retrieval with generation allows the model to produce more informed and contextually
relevant responses by utilizing external knowledge stored in the retrieval corpus.

C EXPERIMENTAL SETUP

C.1 DATASET

For our experiments, we use the widely used dataset CATH-4.2 (Orengo et al.,[1997). CATH 4.2 is
a standard benchmark dataset where all the sequences are within 500 residues length. In Figure 2]
we show the distribution of sequence lengths in CATH 4.2. This dataset is usually used for training,
validation, as well as testing of inverse folding models (Zheng et al.| [2023; Wang et al.| 2024al).
Previous studies have categorized experiments on this dataset into three groups considering short
sequences, single-chain sequences, and all sequences in the CATH 4.2 test set. The short sequences
category includes only those sequences with fewer than 100 amino acids, comprising approximately
16.5% of the sequences in the test set. The single-chain category focuses on sequences that correspond
to a single entry in CATH 4.2, with the majority of sequences (around 92.86%) in the CATH 4.2 test
set falling into this category.

Table 2: Statistics of CATH-4.2 dataset (Orengo et al., [ 1997). Here “St. Dev.” stands for “standard
deviation”.

Data split  # of sequences # of residues Mean Length Median Length ~ St. Dev. of Lengths

Train 18,024 3,941,775 218.7 204.0 109.93
Validation 608 105,926 174.22 146.0 92.44
Test 1,120 181,693 162.23 138.0 82.22
Combined 19,752 4,229,394 214.12 196.0 109.06
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Figure 2: Distribution of lengths of the protein sequences in the benchmark dataset CATH-4.2 (Orengo
et al.l[1997).

C.2 EVALUATION

We evaluate our model with two different metrics: median sequence recovery rate and perplexity.
Median Sequence Recovery Rate (MSRR) is the most widely accepted metric to assess the accuracy
of structure-conditioned protein sequence generation (Luis et al., 2021} Zheng et al., [2023; [Wang
et al.,|2024a; Sun et al.| [2024)). It measures the median percentage of amino acids in the generated
sequences that match the native sequence corresponding to a given protein backbone structure. The
formula for calculating MSRR is shown in

L
. 1 .
MSRR = median (L ;:1 I(3; = s;) 100%) , 3)

where, L is the length of the protein sequence, s; and 3; respectively represent the native and the
predicted amino acids at position 7, ¥(§; = s;) is an indicator function that is 1 if §; matches s;, and
0 otherwise. In protein inverse folding, the goal is to design sequences that can fold into a specific
three-dimensional structure while maintaining functional and stability constraints. A higher MSRR
indicates that the model successfully captures the sequence-structure relationship and produces
sequences that are evolutionarily plausible (Wang et al., [2024a; Jing et al.,|2020)). However, since
natural proteins often exhibit sequence diversity while maintaining similar structures, MSRR alone
may not fully capture the functional viability of generated sequences (Zheng et al.| 2023).

Perplexity (PPL), a measure of model confidence, is a common metric in sequence modeling that
quantifies how well a model predicts a given sequence (Chen et al., [1998; [Meister & Cotterell,
2021). In protein inverse folding, lower perplexity implies that the model assigns high probability
to native-like sequences, suggesting a strong alignment with the underlying distribution of natural
protein sequences. It reflects how confidently the model predicts each amino acid given the structural
context (Gao et al.l [2022). Equation [d] shows the standard formulation to compute perplexity for
autoregressive models.

L
1
PPLAR = exp <_L Z IOg P(Si | S<iy Sstruct)) 5 4

i=1

where, P(s; | Sstuct; S<i) 18 the probability assigned by the model to the amino acid s; given the
protein structure Sy and previous amino acids s<;, L is the sequence length. However, since our
approach is non-autoregressive, the corresponding formula would be,

L
1
PPLy AR = exp (-L > log P(si|x, Ssmm)> : ®)

i=1

Here, x is some noisy (less accurate) version of the native sequence, P(s;|2+, Ssiuct) 1S the model’s
estimated probability of the amino acid s; given the noisy representation x; and the structure Sguycq-
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C.3 BASELINES

In this study, we consider eight highly performing baseline models for protein inverse folding:
StructTrans (Ingraham et al.,[2019), GVP (Jing et al.,|2020), ProteinMPNN (Dauparas et al.,|2022),
ProteinMPNN-CMLM (Zheng et al., 2023), PiFold (Gao et al., [2022)), LM-Design (Zheng et al.|
2023)), DPLM (Wang et al.|[2024a), and AIDO.Protein (Sun et al.,[2024). StructTrans (Ingraham et al.}
2019)) proposed a conditional generative model for protein sequences given 3D structures based on
graph representations. GVP (Jing et al.| [2020)) introduced geometric vector perceptrons, which extend
standard dense layers to operate on collections of Euclidean vectors. ProteinMPNN (Dauparas et al.,
2022) proposes an autoregressive protein sequence generation approach conditioned on structure.
ProteinMPNN-CMLM (Zheng et al.l[2023), a non-autoregressive variant of the original ProteinMPNN,
has been trained with the conditional masked language modeling (CMLM) objective (Ghazvininejad
et al.| 2019) and achieves higher score than the original version. LM-Design (Zheng et al.,|2023)) is
another non-autoregressive model trained with CMLM that leverages pretrained protein language
models for inverse folding. DPLM (Wang et al., [2024a) extends this work by using discrete diffusion
language modeling objective to enhance sequence generation capabilities of languange models.
AIDO.Protein (Sun et al., 2024)) is a 16 billion parameter pretrained protein language model that
has been further adapted for inverse folding with conditional discrete diffusion language modeling
objective. In Table[I} we demonstrate how our proposed approach is different from existing structure-
conditioned protein sequence generation approaches, along with the median sequence recovery rate
on CATH 4.2 dataset for comparison.

10



Published as a workshop paper at ICLR 2025 MLGenX

D CASE STUDY

PDB ID: 4W66, Chain: A
(from training set)

‘MNEPIILRY..’

(true sequence)

PDB ID: 3ZlJ, Chain: A
(from test set)

‘MKRIEQYTQ..’

(initial estimation)

Joint embedding
of full protein

Joint embedding
of full protein

[Eil, giz, ceey 8158’ ooy 8i235] [gql, eqz, ey quG, ooy €q76]

_ High cosine
Fine-grained " similarity (0.98)
(per-residue) @
joint representations
of 3D structure and Retrieve the Vector-DB entry

sequence

corresponding to Esg

Figure 3: A example of how our retrieval process is actually aligning with true structure similarity
search. This shows retrieval in such a way is indeed potential to extract rich information from
already-existing larger protein databases. Here we leverage embedding £ ; (fine-grained, at the very
residue-level), which maps to a structure fragment f?, consisting of the r-nearest neighbors (residues)
of the j-th residue.
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E FRAMEWORK
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Figure 4: Our aggregation and generation module that uses L consecutive blocks of MHSCA. Here
the super-script “[t]” corresponds to the index of the current MHSCA block (and also its components
and their inputs).

F RESULTS AND DISCUSSION

Table 3: Evaluation of different inverse folding methods on CATH-4.2 dataset (Orengo et al.,
1997). We show comparison of our approach with existing state-of-the-art models for three different
experiments. See Appendix [C] for details. The result of AIDO.Protein was produced using their
publicly available codebase and model checkpoint. DPLM’s scores were taked from Wang et al.
(20244a). The rest of the scores were adopted from [Zheng et al.| (2023). The best and the second
best scores are shown in bold and italic fonts. Here ‘-* means the score was not reported in the
corresponding source.

Short Single-chain All
Models
PPL| MSRR% 1 PPL] MSRR%1T PPL] MSRR%7?

StructTrans 8.39 28.14 8.83 28.46 6.63 35.82
GVP 7.23 30.60 7.84 28.95 5.36 39.47
ProteinMPNN 6.21 36.35 6.68 34.43 4.61 45.96
ProteinMPNN-CMLM  7.16 35.42 7.25 35.71 5.03 48.62
PiFold 6.04 39.84 6.31 38.53 4.55 51.66
LM-Design 7.01 35.19 6.58 40.00 441 54.41
DPLM - - - - - 54.54
AIDO.Protein 4.29 38.46 3.18 58.87 3.20 58.60
PRISM (ours) 3.98 41.30 3.04 60.45 3.05 60.28

Our proposed approach, PRISM, demonstrates state-of-the-art performance in protein inverse folding
on CATH 4.2, as evidenced by the results presented in Table [3] All the results here are generated
with argmax to ensure deterministic sequence estimation. PRISM significantly outperforms exist-
ing methods across all categories (Short, Single-chain, and All) on the CATH-4.2 dataset in both
Perplexity (PPL) and Median Sequence Recovery Rate (MSRR).

From Table 3] we see that PRISM achieves a PPL of 3.98 on short chains, surpassing the second-best
model by 7.2%. This also attains an even lower PPL of 3.04 for the single-chains, with the next
best model at 3.18. PRISM maintains superior generalization across the entire dataset with a PPL of
3.05, outperforming all other methods and reinforcing the effectiveness of our retrieval-augmented
generation approach.

While comparing median sequence recovery rates, we see that PRISM achieves 41.30%, surpassing all
baselines, with the closest competitor, PiFold, reaching 39.84%. For single-chains, PRISM achieves
an impressive 60.45%, significantly exceeding the second-best model, AIDO.Protein (58.87%). On
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the other hand, when considering all the sequences in the test set of CATH-4.2 dataset, PRISM’s
overall MSRR of 60.28% is about 1.7% higher than the next-best method.
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