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Modern computational resources have revolutionized the way scientists understand the sequence-
structure relationship. Combinations of AlphaFold2 predictions and bespoke machine learning
models can generate variance in protein sequences targeting a desired characteristic. To
understand and ground the success of these models, molecular dynamics simulations can be used
to screen proposed mutants for desired characteristics and function. In this study, molecular
dynamics simulations are used to validate outputs from NOMELT, a large language model
targeting protein thermostability, and propose a novel, computationally designed thermostable
red-emitting fluorescent protein. Demonstrated by established molecular dynamics campaigns
used for assessing protein stability and thoughtful structural analysis for two use cases,
NOMELT is capable of increasing the melting temperature of a given protein sequence while

maintaining complex protein structure and function.
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Chapter 1. INTRODUCTION

The proteins in this study have a rich history with a connection to the University of Washington.
In this chapter, I will describe a brief history of protein design in general, how it relates to the

proteins in this study, and the tools that I use to study them.

1.1  PROTEIN DESIGN

Proteins are the complex machinery of life that perform a variety of crucial and unique functions
throughout nature. From the simplest prokaryotes to the human proteome with 20,000+ proteins,
these proteins are constructed using the same 20 amino acids. The protein sequence, otherwise
known as the primary structure, dictates the 3D shape of a protein—composed of secondary,
tertiary, and quaternary structure—that is tied directly to the protein’s function.!> Four billion
years of evolution has led to an incomprehensibly vast collection of proteins that are unique to a
family of organisms, homologous proteins that perform the same function in very different
organisms, even intrinsically disordered proteins, a growing family of proteins that are rapidly
changing how we understand the sequence-structure relationship.'*# Rarely can scientists
replicate the efficiency, specificity, and unique functions that nature has been doing
“effortlessly” for millennia via proteins.>® We, as humans, simply do not understand enough
about the sequence-function and structure-function relationship of nature’s universal protein
language.

This is not for lack of trying. Nobel laureate Christian Anfinsen posited the sequence-
function relationship in 1973 after studying the denaturization and subsequent refolding of
ribonuclease A.? Since then, researchers and engineers have shown that small changes in primary

structure can have profound effects on protein function, leading to mutated variants that function



differently from the wildtype starting sequence.” ! These studies are often time- and resource-
intensive, require extensive knowledge of the reaction pathway or biological function, and are
often limited to a researcher’s chemical intuition and imagination. Until recently, directed
evolution campaigns, circular permutation mutagenesis, and other wet-lab techniques were the
most efficient way to study the sequence-structure relationship.'?-'4

In recent decades, there has been an explosion of resources for computational researchers
tackling this structure-sequence problem on all fronts. For example, RCSB’s Protein Data Bank
1s an open-source database with over 200,000 3D protein structures and counting; UniProtKB
contains over 60 million protein sequences; and the National Institute of Health’s GenBank has
nearly 250 million genetic sequences, many of which encode for primary structure of proteins.'
17 These databases, along with exponential increases in computation speed and increasing access
to high-performance computational resources, have revolutionized our approach to
understanding the sequence-structure relationship. Combining these computational resources and
wealth of open-source data has led to programs like Google’s AlphaFold (AF2), an ML model
that claims to predict a protein’s structure from a sequence.'® This represents a great leap forward
to unraveling the mysteries of nature’s nearly universal protein sequence language but is
certainly not the last word in de novo protein design. AF2 is simply one of many powerful tools

that can be used in tandem to bolster our understanding of how changes in protein sequence can

be leveraged for the next generation of materials, medicines, catalysts, and carbon sequestration.

1.2  MOLECULAR DYNAMICS

Among the most powerful computational methods to help us understand the structure-function
relationship is molecular dynamics (MD) simulations. On the surface, this technique can visualize

protein conformational changes and drug binding events, sample thermodynamics ensembles, and



much more with atomistic resolution. Under the hood of all MD codes lies a simple Newtonian
integrator leveraging classical physics, statistical mechanics, and Monte Carlo algorithms.'*2!

MD is a powerful tool that allows for the 3D visualization of proteins in an interpretable
way but has many shortcomings that can be augmented or improved on with other techniques. The
primary shortcoming of MD experiments are the timescales that can be reasonably sampled by
modern computational resources, traditionally limited by compute power available to
researchers.?? After the forces applied on each atom—a function of bond lengths, atomic charges,
dihedral angles, and more—the 3D location of each atom is updated each timestep, meaning
computation time increases as atoms are added to a system.!'*? Modern MD simulations of modest
size can achieve speeds over 100 nanoseconds per day, representing a small fraction of the minutes
to hours some biological processes can proceed over. Simply put, atomistic-level detail of a
biological function comes at the cost of being able to visualize snippets of a reaction or the chance
of observing a rare event during a standard, unbiased MD simulation.???3

While a thorough overview of MD is beyond the scope of this thesis,!*?%?* there are many
techniques and innovations that circumvent the classic sampling issue and take advantage of
increasingly powerful computational resources. Enhanced sampling techniques, such as
metadynamics and all related acronyms, are non-equilibrium sampling techniques that do
thermodynamic work on a biological system to determine the most thermodynamically favorable
configuration or conformation.?> After reweighting to account for the added bias, a Gibbs free
energy surface can be generated, and the most stable, thermodynamically favorable state can be
calculated and assumed occupied on long enough timescales.?* Modern MD engines and plugins

such as GROMACS, LAMMPS, OpenMM, and many more are optimized to run on parallelized

computer clusters, graphics processing units, and even bespoke computers for MD simulations.?’



While these advancements have enabled researchers to study larger systems on previously
inaccessible timescales, adequate sampling of the conformational space and properly

parameterized force fields are still paramount for MD studies.?$¢

1.3 NOMELT

An acronym for Neural Optimization for Melting-temperature Enabled by Leveraging
Translation, NOMELT is a deep-learning model developed by colleague and Beck Research Lab
alumnus Evan Komp.?! NOMELT is an encoder-decoder large language model (LLM) trained on
4.3 million pairs of homologous low- and high-temperature prokaryotic protein sequences. This
approach is novel-leveraging known trends in the distribution of amino acids for both
mesophilic and thermophilic proteins*?*3—and is designed to take in one mesophilic protein
sequence, evaluate a library of proposed mutations, and return the most likely, thermostable
variant of the input sequence and predicted AF2 structure. Where optimization and de novo
designs of thermostable proteins are usually unique design problems in themselves, NOMELT
demonstrates it is possible to translate from mesophilic to thermophilic sequences, similar to
natural language processors like Google Translate that can recover meaning and syntactical
information from one language to another.?'** Based on the ProtT5 foundational protein
language model, NOMELT has an organized understanding of protein sequences found
throughout nature at different evolutionary stages.!®31-33

More relevant to the focus of this thesis, however, is the training data used for NOMELT
where optimal growth temperature (OGT) is a proxy for melting temperature. This well-
established metric for living organisms allows for a broad, comprehensive dataset with enough

datapoints necessary to train LLMs.3**¢ Using OGT as a stand-in for melting temperature

operates under the assumption that to survive, an organism must have fully functional, therefore



properly folded, proteins to perform biological functions. The fluorescent proteins studied in this
thesis have a very exact definition of a folded, functional state related to a critical biological
function and can be quantified with computational methods.>” " Furthermore, a link between
the OGT of an organism and the temperature range of fluorescence activity of proteins from that
organism has been posited in literature, making OGT an especially relevant metric.3®#! This will
be elaborated on further in later chapters, including both applications and interpretations of

outputs and use cases.

1.4 FLUORESCENT PROTEINS

The first fluorescent protein (FP) discovered by humans, known colloquially as green fluorescent
protein (avGFP), was isolated from Aqueorea victoria, a bioluminescent jellyfish that lives in the
waters off the west coast of North America.** Researchers Osamu Shimomura, Martin Chalfie,
and Roger Tsien discovered avGFP and aequorin, a blue bioluminescent protein, from the
“squeezate” of thousands of A. victoria jellyfish at the University of Washington’s Friday Harbor
Laboratory in 1962.4'43 Both avGFP and aequorin are used in a biological example of Forster
resonance energy transfer (FRET) to produce flashes of blue light on the release of Ca?* ions.*? It
was not until the DNA encoding for avGFP was cloned by Doug Prasher in 1992 that the possible
applications and special properties of avGFP were realized.

An 11-strand B-barrel protein, avGFP is capable of fluorescence without any cofactors or
substrate. Centered in the B-barrel motif is a chromophore that forms autocatalytically with
dissolved molecular oxygen that is responsible for fluorescence process (Figure 1).3%4
Cyclization of residues Ser65-Tyr66-Gly67 form a highly conjugated m-system in a small
molecule, known as the chromophore, capable of absorbing and emitting red-shifted light in the

visible spectrum (Figure 1¢).'%%'42 The robust hydrogen-bonding system protects a concerted



proton transfer from the chromophore to a coordinated water molecule in the center of the protein
upon excitation of light, giving off 507nm green light.*® Crucially, avGFP isolated directly from
A. victoria has a low brightness, as well as limited fluorescence above 30°C.!047

The first examples of protein design of FPs addressed these shortcomings, paving the way
for the imaging experiments FPs are applied in today. The brightness of avGFP was improved after
researchers took inspiration from an FP found in Renilla reniformis; substituting a serine for a
threonine at the 65" amino acid (S65T) nearly doubled the brightness and significantly reduced
maturation time.*’ This is an example of a direct mutation of the chromophore’s parent residues
resulting in significant changes to the photophysical properties of FPs. Not long after the S65T
mutation of avGFP came another substitution that enhanced the thermal properties of the brighter,
mutant protein. Performing a proline substitution (S147P) allowed for reliable fluorescence at the
optimum growth temperature of mammals, 37°C.!° This mutation of a residue geometrically
adjacent to the chromophore had little effect on the photophysical properties of the FP, yet it
profoundly impacted the practicality of GFP and added thermal stability to an already stable
protein scaffold. Modern examples of FP protein engineering operate under this same principle,
screening huge libraries of single-point mutations or substitutions looking for an improvement on
a desired feature.*®* These exhaustive approaches have yielded over 1,000 different variants over
the past 25 years, each one a small combination of mutations different from a handful of biological
examples or any of their familial, upstream mutants.*!** Development of green and yellowish-
green FPs has plateaued after several hundred variants have been engineered to serve specific

purposes, giving microscopists numerous options for nearly any imaging experiment.*!43
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Figure 1: Features of avGFP Facilitating Fluorescence. (PDB:1EMB)
(a) Cutaway of avGFP with select interactions shown in one strand of B-barrel. (b) Top-
down view of avGFP showing B-barrel cavity, chromophore in blue. (¢) Jablonski
diagram depicting vibronic spectrum and radiative action of fluorescence courtesy of

Creative Commons.

Over the next several years, many other green-emitting FPs (GFP) were isolated from other
Aequorea species, crustaceans, lancelets, and Anthozoa reef corals. The first example of red-
emitting FPs (RFP), DsRed, was discovered and isolated from non-bioluminescent Anthozoa
corals in 1999 and represents the starting point for most RFPs used today, including the popular
“mFruit” series.’'3 Another example of naturally occurring RFP, equaRFP, is found in
Entacmaea quadricolor, a sea anemone commonly found in the Indo-Pacific.>* These two FPs and

their downstream variants represent the majority of RFPs used today.’® With few examples found



naturally and less inspiration from nature, the development of RFPs is considerably slower than
their GFP counterparts.*’-3 This has left experimentalists with underdeveloped, less specialized
RFPs that are crucial for modern microscopy experiments involving extremophiles or harsh
experimental conditions, including imaging or DNA fluorescence in situ hybridization (FISH)
experiments. 68

FPs have revolutionized many disciplines of science, but most relevant to this project are
biomedical imaging, tracking of protein-protein interactions and dynamics, and FISH. These
methods use photons emitted from FPs as a signal, making FP properties such as quantum yield (a
ratio of photons emitted per photons used to excite, think efficiency) and brightness critical for

achieving an adequate signal-to-noise ratio.*!-3%7

RFPs are ideal for deep mammalian tissue
imaging (>100um tissue depth) primarily because <650nm wavelength light is strongly absorbed
by hemoglobin in the blood; more photons emitted by the FP that reach a sensor, producing a
stronger signal and a higher-resolution image.*!*’° Many wildtype FPs have limited fluorescence
at mammalian OGT, 37°C, hence early examples of thermostable avGFP variants.'? Interestingly,
RFPs tend to maintain fluorescence at higher temperatures, 37°C and above.*'** This has been
attributed to the difference in OGT from A. victoria, native to the cool waters of the eastern Pacific,
and OGT of stony corals and anemones found in the Indo-Pacific that have historically yielded
RFPs.’? While stable enough for most in vivo experiments, FISH experiments denature FP-tagged
DNA probes complementary to target DNA regions at temperatures upwards of 70°C and harsh
chemical environments, necessitating an especially durable and robust FP.3¢ FISH is capable of

tracking intra-nuclear movement of DNA, such as mitosis and DNA replication, but is becoming

increasingly popular for clinical diagnoses and research of hereditary diseases.>® For these reasons,



the goal of this thesis is to propose and validate a thermostable variant of an existing monomeric

RFP sequence with machine learning models and MD simulation campaigns.
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Figure 2: Non-comprehensive Histogram of FP Emission Wavelengths.>

Histogram with bins colored by primary emission wavelength for FPs found in open-source
database, FPBase.



Chapter 2. NOMELT AND THE ENGRAILED HOMEODOMAIN

To validate the success and provide a ground truth for the NOMELT model, I performed an MD
simulation campaign to thoroughly and quantitatively rank wildtype input sequences, intermediate
and final sequence predictions from NOMELT, and thermophilic variants of the proposed in
literature. To do this, I chose a small, well-studied, highly conserved (among eukaryotes) protein

sequence that is used to transcribe DNA known as the engrailed homeodomain (ENH).

2.1  GROUND TRUTH AND ENH

Establishing a ground truth is critical for the development, validation, and practical usage of any
machine learning model. Without validation of output data from any computational model, one
cannot be certain that the model is accurately representing or reproducing real-life phenomena. A
tangential example is the development of force fields used in MD simulations; vast libraries of
atomic interaction parameters in different environments are approximated with quantum chemical
calculations and benchmarked with simple, well-understood “toy systems” to ensure the MD
simulations can accurately reproduce real phenomena.?®3° To prove the hypothesis that NOMELT
can accurately and reliably reproduce thermophilic homologs of an input sequence, I performed a
large ensemble of MD simulations over a range of temperatures for wildtype proteins, previously
engineered variants, and NOMELT output sequences. While ground truths are traditionally
experimental wet lab results, probing the melting temperature of a single proposed variant with
computational tools is more efficient, more time effective, and less prone to experimental issues
that come with expressing new proteins.5%¢!

To understand NOMELT’s output and quantify the model’s success, we used the engrailed

homeodomain (ENH) as an input sequence and test case. Facilitating gene regulation and

10



transcription of DNA during development, ENH is a highly conserved protein among vertebrates,
albeit with a low sequence similarity.5>* Despite this, ENH homologs have a similar length
(~60aa) and identical structural motifs known as a helix-turn-helix, or 3 a-helix bundle.%* The third
a-helix and N-terminus of ENH embed into the major and minor grooves of DNA, respectively,
to “read” DNA. This low sequence similarity yet identical function is logical; only four base pairs
are found in the DNA double helix, and the combination of sequences that form the functional
helix-turn-helix is vast.®>%* Simply put, the large sequence space of proteins capable of reading
DNA and folding into a 3D shape complementary to DNA’s double helix makes ENH nearly
ubiquitous in vertebrates and beyond.®%3 This includes some organisms known as extremophiles,
capable of surviving at temperatures upwards of 90°C and extreme pressures found on geothermal

vents, volcanic hot springs, etc.

Figure 3: ENH Bound to DNA (PDB:3HDD®%).
ENH (cartoon) interacting with DNA (sticks) with recognition helix (red) embedded in major
groove of DNA. N-terminus (cyan) embedded in the minor groove of DNA.
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Circling back to Chapter 1, these thermophiles, no matter how simple, must have proteins
that remain folded and retain their function at an elevated OGT. Homologous proteins from
thermophiles have a different distribution of amino acids constituting the primary structure
compared to mesophiles yet similar 3D configurations to perform similar biological functions.3%3¢
Clearly there is a relationship between primary structure and thermostability of a protein. ENH
makes an excellent ground truth for NOMELT for two reasons: a large combination of sequences
is capable of producing the simple three-helix bundle—giving NOMELT a sufficiently large
permutation space to test and explore possible thermostable homologs—and many well-established
examples of successful thermostable ENH variants in literature.>° While ENH is not the most
advanced or novel use case of NOMELT, proposing and validating a thermostable variant of a
model system is an excellent system for showcasing NOMELT’s translation ability and
benchmarking against other techniques with the same goal: engineer a thermostable variant of a

protein found in nature.

2.2  COMPUTATIONAL WORKFLOW AND DETAILS

Not only has ENH been subject to several thermostabilizing efforts, ENH has also been the focus
of many computational studies probing unfolding and refolding of denatured proteins. There exists
a wealth of papers using MD simulations to probe unfolding and refolding pathways.?*%7-79 Given
ample peer-reviewed work and previous lab experience with this protein, I utilized an established
computational protocol to quantify melting temperatures.5®-7!

The melting temperature of wildtype ENH is 56°C and is coveted by early computational

studies for its relatively fast folding time, making long timescale simulations on older

computational resources possible.’”’> MD campaigns as recent as the late 00s report total

12



simulation time on the ps timescale with dated hardware, meaning a magnitude or two increase in
computational time is possible with contemporary compute resources.*>**® While there are
competing definitions of melting points for proteins, the computational definition of melting point
for this study of ENH is complete, global denaturation.

No matter how it is defined, the melting point of a protein is an ensemble property; there exist
many valid unfolded or partially unfolded configurations and unfolding pathways varying in
timescales between each configuration.”’* Because of this, melting point is impossible to
accurately quantify with a single MD simulation. Even a small ensemble of independent MD
simulations over a broad range of temperatures will not capture all the possible unfolded states and
pathways. To overcome this, many replicas—independent simulations with randomly generated
starting velocities and no memory of previous states—over a range of temperatures, from folded
and stable to unfolded and dynamic, need to be performed.®®’!7* This ensures that intermediate,

metastable configurations during the many hypothesized and potentially undiscovered unfolding

d(X,X;) = \/ZZ DD Z“fiwj (X0 — como(X) — Xii o + comy(Xy))2 2-D
J
pathways are explored and weighted appropriately for this ensemble property. The collective

variable (CV), or metric, used to quantify unfolding in this study is root-mean square deviation
(RMSD) of the 3D protein structure to a reference PDB structure and is shown in equation 2-1.
The 3D positions of each core residue’s heavy atom’s center of mass are subtracted from a
reference structure, meaning a high RMSD reflects a different, i.e. unfolded, structure.

The simulation ensemble for each protein in this study was 5 replicas per temperature for 1us
each in 10K increments from 298K-370K, resulting in 125us of total simulation time. The proteins
in this study are wildtype ENH (PDB: 1ENH),% the proposed NOMELT variant, and a previously
engineered thermostable variant from Mayo et al. with a >99°C melting temp (UVF)

(PDB:2P6J).%° All simulations were performed with the CHARMM36m force field,”> GROMACS

13



2022.57% patched with Plumed 2.07"7® on Nvidia a-40 GPUs housed at the University of
Washington’s Hyak computer cluster. C- and N-termini were capped with NME and ACE groups
with Pymol, respectively.” Identically TIP3P solvated and charge-neutralized cubic simulation
boxes with periodic boundary conditions were subject to steepest descent energy minimization,
followed by 500ps of NPT equilibration with the Brendsen barostat®® for each system. Production
runs were run in the NVT ensemble with V-rescale thermostat for 1us each, using the Verlet cutoff
scheme®! and Particle-Mesh Ewald scheme for coulombic interactions.?? The NPT equilibrations
were run before each replica, ensuring independent, parallelizable simulations with random

starting velocities.

2.3  RESULTS AND DISCUSSION

Over the course of each replica below the experimentally derived melting temperature for wildtype
ENH and UVF, thermal fluctuations increase with increasing temperature, but the protein remains
globally folded and retains its function. Thermal fluctuations are expected, and thermostable
variants have been known to have more flexible and dynamic backbone structures, due to the
stabilizing effect of repacking core residues at elevated temperatures.®’%>7° Beyond the published
melting temperatures, a dramatic increase in RMSD is expected as the protein loses all secondary
structure and function. In the context of this study, simulations beyond this point are uninteresting;
thermally denatured proteins are not expected to function, and the success of NOMELT is
unaffected by RMSD values past the melting temperature. However, adequate sampling beyond
the melting point is important to ensure proper MD simulation setup and parameters. At or near
the published melting temperature for ENH, an inflection point in the ensemble averaged RMSD
values is observed as the protein begins to globally denature and structures pass through numerous

unfolding pathways. Increasing this inflection point for the NOMELT variant and by how many
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degrees is the key metric being used to quantify the success of NOMELT translation abilities.
Furthermore, it is crucial that this inflection point for the wildtype ENH be consistent with
literature values. Therefore, performing 5 replicas per 10K from 298K to 370K for wildtype ENH,
a previously engineered variant, and the NOMELT proposed sequence provides the following:
adequate sampling of transient unfolding/refolding pathways at multiple temperatures and
timescales, a well-studied control system that reliably unfolds at moderate temperatures and MD-

accessible timescales that validates MD settings and parameters, and a sanity check in the UVF

system that should remain folded over the course of every temperature tested here.

ol o

d) c) 298k 330K 370K
>NOMELT: DKRPHTEFSSAQLARLKREFNENRYLTEVRRQQLSSELGLNEAQIEIWFQNKRAKIKK
>lenh: --RPRTAFSSEQLARLKREFNENRYLTERRRQQLSSELGLNEAQIKIWFQNKRAKI----

Figure 4: Final Frame Structural Snapshots of Replicas at 298K, 330K, and 370K.
(a) ENH, (b) UVF, (¢) NOMELT variant, and (d) sequence alignment of IENH and
NOMELT variant with mutations in bold. Final structures, semi-transparent, are aligned with

crystal reference structures (red).
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Considering the output from NOMELT, 2'% possible mutations were suggested from a
BEAM search of the training set. That is 14 binary mutations leading to 16,384 possible
homologous sequences, which is an intractable number of MD simulations to run. However, 10
rounds of NSGA-ii evolutionary optimization with 10 sequences per run could increase the
objective function, mAF-min, by 73%. While this function is used to assess the stability of a
protein (higher value is more stable), it cannot be interpreted as a 73% increase of the melting
temperature from input to output sequence. To completely relate this objective function to real
metrics, a ground truth must be established.

Traditionally experimentally derived, the use of MD simulations to provide a ground truth
for NOMELT is the best option for this study, primarily because of the difficulty associated with
synthesizing designed proteins.'>!'* While beyond the scope of this thesis, synthesis, expression,
isolation, and purification of design proteins is a resource- and time-intensive process. Because of
the wealth of computational studies of ENH and engineered homologs and my research lab’s
experience with this system, a large ensemble of parallelizable MD simulations offered the
quickest route to estimating the melting temperature of a computationally derived protein
sequence. Furthermore, providing evidence that MD simulations can be used to validate
predictions from ML models such as NOMELT means there are alternative and more accessible
methods to providing a ground truth for future projects.

After completion and trajectory post-processing, the RMSD values for each replica were
calculated with MDAnalysis 2.3% and ensemble averaged per temperature complete with error
bars. The reference structure used in RMSD calculations for wildtype ENH, UVF, and NOMELT
sequence were energy-minimized PDB structures for ENH and UVF, and the AF2 predicted

structure, respectively. Note that from Equation 2-1, the differences in xyz coordinates between
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heavy atoms are summed, meaning RMSD calculations that do not have the same number of atoms
cannot be accurately compared. Because of this, only positions of amino acids present in the 3-
helix bundle motif of wildtype ENH and their counterparts are considered. Furthermore, this
increases the signal-to-noise ratio, as C- and N-termini ends are “floppy” and dynamic, where
RMSD values of the 3-helix bundle is more indicative of folded or unfolded structures. Consistent
with the literature, only the alpha-carbons of amino acids 10-52 are considered in the RMSD
calculations for each system.®”® Lastly, RMSD ensemble averages for each temperature are
subtracted by the mean RMSD at 298K, hence the zero RMSD at 298K for each system. This
ensures no RMSD values are artificially inflated from less precise reference structures and

highlights the deviations from average values that [ am trying to measure.
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Considering the RMSD values in Figure 5, a sharp increase in RMSD is observed near
ENH’s literature melting point of 329K. This is indicative of most replicas beginning to lose the
3D structure associated with ENH’s function via thermal denaturation. In contrast, there are no
inflection points observed for UVF at any point, due to the melting temperature not being sampled
in this study. RMSD values rapidly increase beyond the melting temperature, as the kinetic energy
about thermal fluctuations is greater than the potential energy imparted from protein-protein
interactions, giving ENH its secondary and tertiary structure. For the thermostabilized, NOMELT-
translated protein sequence, a very similar trend is observed: inflection point centered about a
melting point followed by a sharp increase towards complete, global denaturation. Consistent with
the hypothesis of this study, the inflection point in RMSD for the NOMELT sequence occurs at a
higher temperature than the wildtype ENH. Critically, this inflection point is approximately 20K
higher than the ENH inflection point with statistical significance. This agrees with the overall
hypothesis of NOMELT; thermophilicity of protein sequences can be learned and protein
sequences can be translated from mesophilic to thermophilic, analogous to translation between
human languages. Furthermore, a 20K increase in melting temperature is significant, and a similar
increase to a catalytic enzyme’s melting temperature could be enough to push a biologically

relevant enzyme towards industrial applications.''3*

Compared to the literature variant UVF,
NOMELT is not quite as successful at raising the melting temperature as a bottom-up redesign of
an entire sequence. This is not completely unexpected, nor does it invalidate the success of
NOMELT. Understanding where this application of LLMs stands relative to other examples of
protein design is important to engineers considering engineering proteins of their own and

contributes to the progeny of LLM applications in biology and chemistry. The novelty of

NOMELT’s application of LLMs to target thermophilicity is demonstrated via MD simulations of
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input and output sequences, with success compared to contemporary protein design techniques

found in a comparison with UVF.
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Chapter 3. ADVANCED APPLICATIONS OF NOMELT

The MD simulations performed on ENH, proposed NOMELT sequences throughout development
of the model, and literature variants were instrumental to developing and validating NOMELT.
One of the primary challenges faced during the conception of these MD studies was the choice of
CV and how to appropriately define the melting point of a protein. RMSD is a coarse metric,
resulting in many degenerate configurations with the same RMSD values yet vastly different
structures. Depending on the context, “melting point” can be the temperature at which 50% of a
protein sample is globally unfolded, maintaining no semblance of folded structure and non-
crystalline. Similarly, yet very distinct in the case of fluorescent proteins, the melting point can
also be defined as the temperature at which protein activity begins to rapidly decrease.”®’*

ENH is a very simple protein with its entire secondary and tertiary structure imparting
function. Small changes in the orientation of ENH’s helices are expected and are likely critical to
the protein family’s broad specificity towards DNA’s double helix.>% FPs are much different; the
fluorescence (activity) of FPs is largely dependent on the identity and internal environment of the
chromophore, encased by the B-barrel scaffold conserved in all FPs.***° In contrast to ENH, a vast
majority of the protein-protein interactions of the B-barrel may remain intact while the internal
environment of the chromophore is disturbed, limiting or eliminating fluorescence altogether.
Assuming the same approach as ENH, this would be associated with a negligible increase in
RMSD and very low signal-to-noise ratio. Additionally, using FPs as an input sequence offers an
additional opportunity to understand if NOMELT can preserve complex protein function while

promoting thermostability and contribute to a notoriously difficult and slow area of protein

development in FPs.
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3.1 CHOICE OF FLUORESCENT PROTEIN

To validate the success of NOMELT and understand its inputs/outputs for FPs, hypotheses
stemming from the ENH study will be tested, and the sequence space of FPs will be thoroughly
explored. The goal of this study will be to increase the melting temperature of an RFP without
affecting fluorescent properties while learning more about NOMELT’s ability to translate protein
stability and maintain function. As illustrated above, FPs are vastly different from highly
conserved proteins such as ENH, so it is important to choose an RFP that can be reasonably
improved and understood by NOMELT. After these careful considerations, a monomeric variant
of the protein named Eos, after the Greek goddess of dawn, was chosen as a target to modify
(mEos).%

The primary consideration for using mEos as an input sequence for NOMELT is a lack of
thermostability of the monomeric variant, specifically. With an excitation/emission wavelength of
569nm/581nm, respectively, this is considered a photoconvertible, near-red FP. An irreversible,
UV-induced backbone cleavage of the chromophore gives a green and red form of mEos, with
emission wavelengths as 516 and 581nm, respectively. This color change is useful for some
applications, but I will strictly be focusing on the red structure of the protein. Originally isolated
from Lobophyllia hemprichii and generally stable at 37°C, a monomeric variant was prepared and
found to have poor fluorescence above 30°C.%* This monomeric variant, intended to be used for
single-molecule experiments where oligomerization is an issue, such as FRET, is mutated with
V123T and T158H from the wildtype. Introducing these polar, charged side chains on the exterior
of the B-barrel disrupts the quaternary structure found between subunits of the wildtype tetramer
and appears to have little effect on the photophysical properties and physical properties other than

melting temperature.®*
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Compared to ENH, the sequence space of FPs is much smaller with a few conserved
structural motifs. Residues involved in chromophore formation are highly conserved and
correlated with excitation and emission wavelength.*-%¢ FPs with a tripeptide sequence similar to
avGFP, Ser65-Tyr66-Gly67, are often green, while RFP chromophores owe their red-shifted
emission wavelength to the extended the m-conjugation with His-Tyr-Gly tripeptide.*® However,
light-induced backbone cleavages, chromophore isomerization and protonation states, and other
irreversible chemical changes are subject to changing photophysical properties of any FP. The
ubiquitous B-barrel for FPs is the most variable part of the sequence, and residues associated with
the B-barrel are largely inconsequential to photophysical properties, such as emission wavelength.

B-barrel stability and OGT have been linked in literature, as this scaffold must stay intact at
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Figure 6: Principal Component Analysis of Multiple-Sequence Alignment.

Dimensionality reduction of Multiple Sequence Alignment of FP sequences from
FPBase. Explained variance by each PCA is listed in axis labels. Points are colored
by emission wavelength.
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elevated temperatures to ensure fluorescence, assuming that the action of fluorescence is/once was
an evolutionarily advantageous characteristic.*!

The principal component analysis (PCA) plot in Figure 6 shows a dimensionality
reduction, colored by emission wavelength, of a Clustal-W?> multiple sequence alignment (MSA)
of 900 sequences from FPbase—a community-editable and open-source database of FPs founded
in 2019°°—where clusters of proteins and their familial mutants can be observed. The tight cluster
in the lower left represents avGFP and all familial mutants, including the variants discussed in
Chapter 1. These variants have few point mutations and highly similar sequences to the wildtype
avGFP, as the proximity of the points in the PCA plot would suggest. Just out of view lies a sparse
cluster in the upper left and consists of FPs that require cofactors and are not autocatalytic. These
proteins are consistently larger, have a more complex fluorescence mechanism, and are beyond
the focus of this study. The more diffuse, elliptical cluster on the lower right represents proteins
like DsRed, including similar wildtypes from stony corals and their familial mutants. Qualitatively,
these clusters appear to be correlated with emission wavelength; more diversity in red-shifted
emission wavelengths are seen in the lower-right elliptical cluster than the lower-left cluster
centered around avGFP. Because the residues associated with the B-barrel far outnumber those
responsible for the chromophore, Figure 6 supports the idea that B-barrel residue sequences are
consistently different between RFPs and GFPs. mEos lies at the center of the cluster dominated by
RFPs, suggesting that a couple of mutations to the sequence would still result in a red-shifted FP.
This is critical to further test NOMELT’s ability to maintain function, i.e., emission wavelength
color, while increasing thermal stability. Furthermore, mEos mostly represents a wildtype protein,
albeit with two point mutations to ensure limited monomerization. While testing NOMELT’s

ability to translate human-engineered sequences to a higher melting temperature, the model
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performed poorly by suggesting few, if any, mutations to thermally stabilized mutants. Possible
explanations for this behavior include the classification of meso- and thermophilic sequences being
defined as <40°C and >40°C, respectively, in the training set.>!*® Because the training set contains
protein pairs, NOMELT can relate mesophilic sequences to thermophilic sequences reliably but
may struggle to translate an already thermophilic sequence to an even more thermophilic sequence.
Additionally, sequences of human constructs could be introducing variation in primary structure
that does not occur naturally or appear in the training set, limiting NOMELT’s ability to propose

a library of possible sequences.

3.2 COMPUTATIONAL SETUP

The computational tools and environment used in this study are nearly identical to those outlined
in Chapter 2. Equilibrations were instead run in NVT then NPT ensembles for 500ps and 800ps,
respectively, while production runs were run in the NPT ensemble for 800ns. Longer equilibration
times were chosen to relax unfavorable or unrealistic starting configurations stemming from the
computational setup of these proteins. The NPT production ensemble was chosen to correct for
possible density artifacts, ensuring uniform density as water infiltrates the B-barrel cavity at
elevated temperatures. For the computational model of mEos, one subunit of the red form PDB
structure for the tetramer EosFP (PDB:2BTJ) was mutated via ChimeraX.3¢#7 This red structure
differs from the green form by an irreversible, UV light-induced backbone cleavage between
residues Phe61 and His62 and side-chain cyclization of the chromophore’s parent residues.?*38
Both the cleaved phenylalanine residue and chromophore were parameterized independently. This

results in subunits A and B and being held together with quaternary structure in both mEos and

the NOMELT variant.
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While the chromophores are modified amino acids, the interactions and atom types are
different to reflect the irreversible chemical changes resulting from chromophore formation. The
force field parameters—including atom types, bond force constants, simple bond angles, and proper
and improper dihedrals—were created with CGenFF.* Redundant or equivalent interactions
already characterized by the Charmm36m force field were used where possible.” For assigning
partial charges to the nuclei of modified residues, the Gaussian software package®® was used with
the Hartree-Fock 6-31G(d) basis set assuming a net neutral charge for every chromophore. To
most accurately replicate the environment inside the chromophore, peptide bonds were substituted
with hydrogen atoms, and the difference in charge added by these capping hydrogens was
distributed through the remainder of the atoms in the modified residue. The chromophore for mEos
and the NOMELT variant are identical but differ slightly from some literature structures. The exact
protonation state and structure of chromophores in FPs is heavily studied,**3%4" and there exist
many equivalent resonance structures and ionic states in varying states of equilibrium.’!? This is
especially true for RFPs with red-shifted, heavily conjugated m-systems, making the individual
setup of every resonance form of RFP enormously time-consuming. To ensure adequate
comparisons between simulations in literature and aide in CV definition, the exterior ring was
treated as a hydroxyphenyl group as observed in Figure 1 and Figure 7. The chromophore
environment of mEos is depicted below in Figure 7 and is identical to the NOMELT variant. To
prepare the mEos sequence optimized by NOMELT, the AF2-predicted structure was grafted onto
the modified side chains mentioned above and properly connected to replicate the environment
after autocatalytic formation of the chromophore in the red form.

Tasking NOMELT with suggesting a library of possibly thermostabilizing mutations and

searching this space for the most thermostable variant while maintaining function via a
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complicated, autocatalytic pathway is a large leap in complexity from the ENH application.

Furthermore, the fluorescence mechanism of FPs means global denaturation of the scaffold will

happen well after the protein loses its function, meaning a new CV to quantify unfolding needs to

be defined. While many examples of MD simulation campaigns of GFP and its closely related

analogs exist in literature,?*3%40:93-95 there are far fewer MD studies of RFPs. These GFP studies
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Figure 7: Key Features of mEos and CV Definition.

(a) Cutaway of mEos (PDB: 2BTJ) showing internal chromophore in solid stick representation. (b)

Top-down view of chromophore (gray) and atoms defined in CV definition (yellow). Semi-transparent

stick representations in green show termini of subunits A and B. (c) Sequence alignment of NOMELT

variant and mEos wildtype, mutations in bold.
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often relate a proper dihedral angle within the m-conjugated system to planarity of the
chromophore,?>?33 as coplanar configurations of the hydroxyphenyl and imidazoline rings are
associated with bright, reliable fluorescence.”*® Twisting about the double bond between these
two rings, sometimes called a hula twist, opens the door to more energetically favorable
nonradiative pathways as the system relaxes to a vibronic ground state.’>® The atoms defined in
this dihedral are shown in Figure 7 in yellow and calculated every 10ps with Plumed2’s

TORSION function.”®

3.3  NOMELT OuTPUT, RESULTS, AND DISCUSSION

To understand if NOMELT can recreate a thermostable sequence while maintaining protein
function and structure of the input sequence, the mutation spaces for ENH and mEos input
sequences should be compared. As mentioned in Chapter 2, FPs are fundamentally different than
ENH with structural motifs unique to FPs leading to a much more stable overall protein structure.
Where NOMELT suggested 14 possible mutations to ENH, only 3 mutations were proposed to be
impart thermal stability; a deletion of the first 3 residues, 14M, and R148K was projected to be the
most thermostable permutation. Fewer suggested mutations support the hypothesis that NOMELT
has an inherent understanding of protein structure and stability, despite only having prokaryotic
protein sequence pairs as a training set. As thermophilic protein sequences utilize a different
distribution of amino acids to maximize hydrogen bonding and minimize hydrophobic surface
area, mEos appears to already have many of the features that impart stability to thermostable
proteins. Alternatively, few mutations could simply represent a failure mode of NOMELT that is
struggling to propose mutations that promote thermostability because the cutoff for a thermophilic
sequence in the training set is significantly below the globally unfolded definition of melted FPs.

While training data artifacts may be the cause of the deletion of three N-terminus residues and
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methionine insertion, I believe the R148K mutation, swapping an arginine with a lysine, is
evidence of NOMELT’s capability to “read between the lines” of the primary structure of proteins
when suggesting thermostable sequences.

Upon inspection of the simulations and ensemble-averaged dihedral values as a function
of time for mEos and the NOMELT variant, it is unclear what effect this mutation had directly on
the chromophore. This residue lies on the exterior of the B-barrel far from the chromophore, unlike
the S65T mutation from Chapter 1, but not all that different from the thermostabilizing mutation
S147P. Looking at just the dihedral data in Figure 8 and considering the definition of folded for
this study, it is not immediately obvious the effect the R148K mutation has on thermostability.

Both variants appear to begin unfolding at 350K around 300ns, meaning the R148K mutation does
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not delay unfolding, nor does it impart stability to the chromophore at identical elevated
temperatures. Furthermore, there isn’t a single statistically significant finding that can be gathered
here as all error bars at all temperatures for both systems are overlapping at some point. Given
more sampling via replicate simulations, it is possible the NOMELT variant’s chromophore is less
planar than mEos, given the slightly lower dihedral angle at the beginning of the simulations.
However, this is likely an artifact of computational setup and starting configurations, as the
dihedral angles at 298K and 320K are nearly identical for both systems by the end of the
simulations.

Understanding the B-barrel’s role in the fluorescence of FPs is crucial to quantifying and
rationalizing the effects of mutations distal to the chromophore on thermostability. First and
foremost, the R148K mutation is not part of the parent residues, and it can be assumed that
photophysical properties such as excitation and emission wavelength will remain unchanged from
the wildtype. There are examples of thermostable FP variants exhibiting increased protein-protein

interactions with or near the chromophore,'%%’

as well as mutations on the exterior of the B-barrel
present in literature.”® Considering lysine is a charged, polar amino acid, the most favorable
orientation for the side chain is going to be facing outside the B-barrel and interacting with solvent.
These charged surface residues can form salt bridges with other charged residues, a characteristic
consistent with thermostable proteins in general, as well as promote entropically favorable
repacking of adjacent residues.”*? It is unclear what other effects this mutation to mEos could have
on other physical properties, such as maturation time, refolding kinetics, and fluorescence lifetime,

and synthesizing the protein may be the only way to begin hypothesizing what other effects this

R148K mutation has.
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When root-mean square fluctuation (RMSF) is plotted as a function of residue index in

Figure 9, the stabilizing effects of the mutation are obvious. RMSF is frequently used to assess

the stability and activity of proteins and enzymes, as lower RMSF values are correlated with

increased enzymatic activity and thermostability.!®’ This stabilizing effect of this R148K is

significant over residues 125-160 and nearly centered about the mutation. A significant decrease

in alpha-carbon fluctuations is observed in the NOMELT variant, suggesting that this mutation

may have a stabilizing effect that propagates to neighboring residues. This analysis is interesting

and not very different from how designed proteins have been vetted for thermostability in

literature.®7-70-100
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Figure 9: Ensemble-Averaged (n=3) RMSF Values as a Function of Residue Index.

(a) mEos and (b) NOMELT variant. Gap in residue index 64 is artifact from computational

setup of chromophore.

But what does this range of residues have to do with function, in mEos and FPs globally,

other than contribute to the larger B-barrel scaffold? Some of these residues may have side chains

interacting with the chromophore by pointing inward of the B-barrel, but there is another structural

motif between certain strands of the -barrel that is critical to fluorescence. Previously mentioned

in Chapter 1, the proton transfer resulting in radiative emission of FPs occurs through a water
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molecule coordinated with the chromophore. It has been proposed that the crystallographic waters
present in PDB structures of FPs are the culprit here and can diffuse out of the B-barrel after
fluorescence.’ Highlighted in Figure 10, the dominant pathway of water exchange for this process
is believed to be through a hole in the B-barrel, particularly between B-strands 7 and 10.°* Upon
heating, the distances between the atoms of these residues increase via increased thermal
fluctuations, weakening the protein-protein interactions that facilitate this water exchange. As the
protein unfolds, water is likely pouring into the B-barrel, affecting the planarity of the chromophore
with extra water contacts. This is observed qualitatively in the simulations for both mEos and the
NOMELT variant. Because the R148K mutation has a stabilizing effect on the residues associated
with the B-barrel hole, I believe that the NOMELT variant can maintain fluorescence at higher
temperatures with more favorable protein-protein interactions, therefore facilitating the water
exchange at higher temperatures. This structural analysis of a thermostable protein proposed by an
LLM trained only on prokaryotic protein sequence pairs suggests that the model can target
structurally dynamic subsections of a larger structure for mutations while maintaining complex

protein function.
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Figure 10: Cutaway of NOMELT Variant.
Mutations are highlighted with red spheres and labeled. Residues associated with water
exchange are highlighted in yellow. Residues stabilized by R148K are shown in solid cartoon

representation.
3.4 FINAL THOUGHTS AND FUTURE WORK

Over the course of three chapters, I have used MD simulations to evaluate two very different
protein designs for stability and function. With traditional protein design techniques, such as
directed evolution, circular permutation, and other rational design techniques, just one of these
protein designs could realistically take an entire PhD. Hundreds of student hours, tens of thousands
of dollars for reagents and instruments, and luck sometimes aren’t enough to yield designed
protein. The current explosion of computational resources available for protein design is hard to
ignore, and the NOMELT model is simply one of many tools used to understand the sequence-
structure relationship. The MD campaigns in this study provided valuable insight into the
performance of NOMELT and removed a lot of the guesswork from traditional protein design

techniques. Since the stability of these protein designs has been demonstrated via MD simulations,
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the next step for this study is the expression, purification, and evaluation of both NOMELT
variants in the lab.

Thanks to connections within the Beck Research Lab, both NOMELT variants of ENH and
mEos are slated to be expressed in living organisms and fully characterized by Professor Michelle
McCully at Santa Clara University. Once synthesized, the physical and photophysical properties
of the NOMELT variants can be assessed. The helix-turn-helix motif found in structural snapshots
and AF2 predications of the NOMELT variant are most certainly the global fold that would be
observed in the synthesized protein. However, evaluating NOMELT’s ENH variant activity and
affinity towards DNA would be extremely valuable. Secondary structure is tied to function, but
how have the mutations NOMELT introduced affected protein activity towards DNA? If the
NOMELT variant had both higher thermostability and greater activity, that would be a huge win
for NOMELT and LLMs applied to protein sequences in general. Regarding the mEos variant,
there are many more interesting physical properties that can be explored with a synthesized protein.
If adding polar residues to the exterior of the B-barrel of tetrameric EosFP created mEos, does the
R148K mutation reduce unwanted dimerization at higher concentrations?® What effects does this
mutation have on maturation time, quantum yield, and excitation/emission wavelength? Given the
relative ease of expressing FPs in living cells like E. coli, the best way to answer these questions
is going to be synthesis and characterization in the lab. It is entirely possible that the mutations
proposed have unintended consequences, or benefits, to the usability of these proteins. Part of this
uncertainty is what makes applying LLMs to protein sequences so powerful.

Pattern recognition is one of the defining characteristics of being human and is something
that we do better than any other organism. There is a long history of humans noticing patterns in

nature; we can create more disease-resistant and productive crops, create entirely new species of
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animals with desired characteristics, and engineer new proteins to serve a specific purpose. The
limit of our ability to recognize patterns is reached when tasked with identifying trends over
millions of protein sequences with potentially hundreds of homologs and permutation libraries
with billions of sequences. Proteins are inherently high-dimensional, and applying LLMs, such as
NOMELT, represents a large leap forward in our understanding of the sequence-function
relationship. With MD simulation campaigns and a thorough structural analysis of two different
applications of NOMELT, the abilities of NOMELT to translate protein sequences to higher
melting temperatures while preserving complex protein function is demonstrated. It is my hope
that upon synthesis and isolation of both proposed NOMELT variants, researchers will have open-

source access to NOMELT and an entirely new RFP ready for imaging experiments of all kinds.
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