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Investigating Models of Protein Function and Allostery With a Widespread
Mutational Analysis of a Light-Activated Protein
Josiah P. Zayner,† Chloe Antoniou,† Alexander R. French,† Ronald J. Hause, Jr.,‡ and Tobin R. Sosnick†§*
†Department of Biochemistry and Molecular Biology, ‡Committee on Genetics, Genomics and Systems Biology, and §Institute for Biophysical
Dynamics, The University of Chicago, Chicago, Illinois
ABSTRACT To investigate the relationship between a protein’s sequence and its biophysical properties, we studied the effects
of more than 100 mutations in Avena sativa light-oxygen-voltage domain 2, a model protein of the Per-Arnt-Sim family. The
A. sativa light–oxygen–voltage domain 2 undergoes a photocycle with a conformational change involving the unfolding of the
terminal helices. Whereas selection studies typically search for winners in a large population and fail to characterize many sites,
we characterized the biophysical consequences of mutations throughout the protein using NMR, circular dichroism, and ultra-
violet/visible spectroscopy. Despite our intention to introduce highly disruptive substitutions, most had modest or no effect on
function, and many could even be considered to be more photoactive. Substitutions at evolutionarily conserved sites can
have minimal effect, whereas those at nonconserved positions can have large effects, contrary to the view that the effects of
mutations, especially at conserved positions, are predictable. Using predictive models, we found that the effects of mutations
on biophysical function and allostery reflect a complex mixture of multiple characteristics including location, character, electro-
statics, and chemistry.
INTRODUCTION
A direct relationship exists between a protein’s sequence,
structure, and function. However, the elucidation of this bio-
physical relationship can be difficult. Sometimes only a
small portion of a protein is clearly involved in its function.
In addition, proteins can have identical functions yet have
less than 20–40% sequence similarity (1–3). These observa-
tions suggest that most of the protein’s structure serves as a
scaffold (Fig. 1 A). In support of this view are protein-engi-
neering studies that demonstrate that new functions such as
enzymatic activity or binding interfaces can be grafted onto
existing protein scaffolds (4–6). However, other studies
indicate that a large fraction of the structure is necessary
for function, making a global model a more appropriate
description (Fig. 1 B). An analysis of the sequence covari-
ance of PDZ domains and other proteins suggests that
functional pathways permeate most of the structure (7,8).
Similarly, the extremely high sequence conservation
observed for actin (9), ubiquitin (10), and histones (11)
across eukaryotes indicates that nearly the entire protein is
functionally relevant in these proteins. Allosteric proteins
with multiple conformational substates also are likely to
be sensitive to mutations throughout the structure. Weinkam
et al. (12) recently developed a hybrid molecular dynamics/
machine-learning method that attempts to predict the impact
of mutations on the allosteric equilibrium between two con-
formations by considering both local and global properties.

In principle, these two models can be distinguished by
identifying the biophysical consequences of evolutionarily
dissimilar mutations at multiple sites throughout the protein.
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When most of the structure serves as a scaffold, most sub-
stitutions are not expected to compromise function as long
as the protein is structurally intact. Dissimilar substitutions
in the functional regions, however, should have a strong,
negative effect on function. In the global model, dissimilar
substitutions at many sites across the protein are likely to
be disruptive, although identifying the functional conse-
quences may be experimentally challenging (e.g., if the pro-
tein has multiple binding conformations and partners or is
susceptible to aggregation).

Many large-scale studies have selected for binding (13) or
enzymatic activity (14–16), but only a few studies (17,18)
have explicitly investigated how substitutions throughout a
protein influence function, structure, or expression. Even
fewer studies have looked at how mutations affect a confor-
mational change or the changes in biophysical properties
(19,20). This dearth presumably is due to the labor required
to generate and functionally characterize individual vari-
ants. Nevertheless, we generated such a data set in our quest
to understand the mechanism of light-induced conforma-
tional change in the second light–oxygen–voltage (LOV)
domain of Avena sativa phototropin 1 (AsLOV2).

The AsLOV2 domain (Fig. 1 C) is a member of the Per-
Arnt-Sim (PAS) superfamily. PAS-signaling domains are
found in all kingdoms of life and often are a part of larger
multidomain proteins. They respond to a diverse array of
stimuli and generate a variety of output responses (21–25).
The family has highly diverse sequences but a conserved
100–120 residue a/b-fold termed the PAS core (26). Gener-
ally, the input sensor is a ligand contained in a binding
pocket located on one side of the five-stranded b-sheet,
whereas the output function is mediated through the termini,
typically helices, which reside on the other side of the sheet
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FIGURE 1 Alternative models for structure–function relationships. (A)

Scaffold model in which only a small region of the protein is directly

involved in function and the remainder serves as a scaffold (marble). (B)

Global models in which many portions of the protein are involved in func-

tion, potentially by conducting allosteric signals through the protein with

minimal change in structure, by stabilizing alternative substates, or through

changes in local dynamics. (C) Conformational change of AsLOV2 upon

light activation.
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(27). The termini are highly variable, but they can undergo a
conformational change when these regions activate effector
domains (21,28–30).

Activation of the AsLOV2 domain occurs when the non-
covalently bound flavin mononucleotide (FMN) chro-
mophore absorbs a blue photon. The FMN forms a
metastable covalent bond between its C4a atom and the
sulfur on the C450 side chain. Adduct formation causes
the protein to undergo a conformational change including
the unfolding of the N-terminal A’a-helix. This event pro-
motes the undocking of the C-terminal Ja-helix (30,31),
and these unfolding events trigger kinase activity in the
full-length phototropin (32). The flavin–cysteinyl covalent
adduct spontaneously decays on a timescale of minutes
and the helices refold to complete the photocycle (30,33).
Biophysical Journal 105(4) 1027–1036
To investigate the allosteric mechanism between adduct
formation and the unfolding events, we characterized
more than 100 variants of AsLOV2. Mutated sites included
the evolutionarily conserved positions in AsLOV2 and
three other flavin-containing LOV domains, AsLOV1, Vvd
from Neurospora crassa, and YtvA from Bacillus subtilis,
which share 36–73% sequence identity (Fig. 2 A). Mutations
were intended to be mildly or strongly disruptive, including
large aliphatic to alanine and aromatic to aliphatic substitu-
tions, and of differing charge or polarity to test specific
hypotheses. Our results indicate that AsLOV2 does not fit
into a standard model of protein function but one in which
chemically dissimilar mutations can both positively and
negatively impact a protein’s function, indicating that the
functional landscape is plastic.
MATERIALS AND METHODS

Cloning, expression, and purification

A construct of AsLOV2 (residues 404–560) with an N-terminal His6-Gb1

tag was used. Mutations were created using standard site-directed mutagen-

esis techniques and verified by sequencing. As previously described (30),

all proteins were expressed in BL21 (DE3) Codon Plus cells (Invitrogen,

Carlsbad, CA) grown in LB at 37�C until an OD600 of 0.6. The His6-Gb1

tag was removed using tobacco etch virus protease. The final protein con-

tained residues GEF on the N-terminus and G on the C terminus as cloning

artifacts. Proteins were purified on a Sephadex S100 size exclusion column

(GE Healthcare, Tyrone, PA), and if the Abs280nm/Abs447nm ratio differed

greatly from ~2.7, proteins were further purified using anion exchange

chromatography.
Spectroscopy

Circular dichroism studies were performed on a Jasco J-715 spectrometer

(Jasco, MD) using ~1 mM protein in 50-mM NaH2PO4, 200-mM NaCl,

pH 7 at 22�C using a 1-cm pathlength cuvette. Averages were taken of

the first 10–20 data points and last 10–20 data points, depending on the

noise, to calculate a d222-value. Ultraviolet-visual spectra were acquired

using a Hewlett Packard diode array with a 1-cm pathlength cuvette. Sam-

ples were illuminated using a 40-W white LED (Model BT DWNLTA, The

LED Light, Carson City, NV) for 30 s and the absorbance at the lmax, usu-

ally 448 nm, was measured every 1–30 s depending on the photorecovery

rate. The data were fit to a single exponential decay using Origin software

(OriginLab, Northampton, MA). NMR experiments were performed on a

Varian Inova 600 MHz spectrometer with a cryoprobe at 25�C. Proteins
were concentrated to 100–500 mM in 10% D2O. Data were processed using

NMRPipe (34) and analyzed using SPARKY (35). NMR experiments were

run using standard pulse sequences available in Varian BioPack, 15N-1H

heteronuclear single quantum coherence (HSQC) (gNhsqc).
Statistical analyses

The R package randomForest (36) was used to implement the Random For-

est algorithm using 10,000 trees per run with two variables randomly

sampled at each tree split. We here define a significant effect on tFMN as

a deviation of R 22 s from wild-type AsLOV2 and a significant effect on

d222 as a deviation of R 0.075 units from wild-type AsLOV2. Classifier

accuracy was determined using the identical thresholds for the predicted

values. Receiver operating characteristic area under the curves was deter-

mined by plotting the true positive rate versus the false positive rate as a
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FIGURE 2 AsLOV2 conservation and mutations. (A) Sequence alignment in AsLOV1, AsLOV2, YtvA, and Vvd (dark gray, identical; light gray, similar).

(B) Consequences of mutations mapped onto the AsLOV2 structure.
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function of prediction values versus expected binary effects using the pack-

age ROCR (37).
RESULTS AND DISCUSSION

Structural and functional effects

Most large-scale mutational analyses screen for certain
properties that are enhanced compared to the wild-type
protein. Our data set is different in that we characterized
each individual variant biophysically according to whether
the substitution affected the photocycle, the conformational
change, or severely compromised expression. We also
looked at NMR spectra of 26 variants to assay for compro-
mised structure. The photocycle lifetime, tFMN, is deter-
mined using ultraviolet-visual spectroscopy, A448nm, the
absorbance at l ¼ 448 nm. For wild-type AsLOV2, tFMN is
80 5 2 s at 293K (30,38). The lifetime is limited by depro-
tonation of the N5 on the flavin (39), which can be affected
by solvent exposure or by reducing the stability of the
N5-hydrogen bond. Other factors affecting the lifetime
include steric destabilization of the adduct conformation or
electronic effects that destabilize the reduced state (33).

The majority of photocycles measured in LOV domains
have lifetimes at or greater than AsLOV2’s value of 80 s
(33,40). Longer activation could be detrimental through
the overexpression of genes, but shorter activation could
be even more so as some genes may be underexpressed or
not expressed at all. Phototropin-containing LOV domains
should provide a fitness advantage in low-light and high-
light situations (41–43). This reasoning suggests that shorter
photocycle lifetimes would generally result in less fitness.

The extent of allosteric conformational change is deter-
mined using the circular dichroism signal at l ¼ 222 nm,
q222, with the fractional change defined as d222 ¼ (q222,dark
� q222,lit)/q222,dark. For the WT protein, d222 ¼ 0.30 units
(representative kinetic spectra in Fig. S3 in the Supporting
Material). This parameter mostly reflects the unfolding of
the ~20 residue Ja-helix (~0.15 units) and the ~6 residue
A’a-helix (~0.05 units) (30,44). The source of the remaining
0.10 units is unknown and may be due to a change in the
conformation of the b-sheets and the other three helices.
A reduction in the d222-value likely is because of less
unfolding of the two helices upon illumination, resulting
from either a decrease in helicity in the dark state or an in-
crease in helicity in the lit state.

To maximize the chance of finding functionally signifi-
cant positions in the protein, we introduced dissimilar mu-
tations at evolutionarily conserved sites with the intent
of disrupting AsLOV2’s function. The degree of dissimi-
larity of the substitutions was quantified according to
BLOSUM62 (45) and SIFT scores (46). BLOSUM62 scores
reflect the amino acid substitution frequency observed in
many proteins. SIFT scores are generated for a single
Biophysical Journal 105(4) 1027–1036
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sequence alignment, in our case, for PAS domains.
BLOSUM62 scores reflect canonical amino acid substit-
utability, and SIFT scores include information specific to
PAS domains. BLOSUM62 values range from �4.00 to
11.00, with negative scores given to less likely substitutions.
SIFT scores range from 0.00 to 1.00, with scores less than
or equal to 0.05 predicted to be deleterious. In our set of
the 93 single-point mutants, 62 had a BLOSUM62 score
below 1.00 and another partially disjoint set of 62 had
SIFT scores below 0.05. Intriguingly, the correlation
between these two metrics is negligible (Fig. 3 and Table
S1). Potentially, the divergence in LOV domains input
(e.g., FMN or flavin adenine dinucleotide) and output modes
(e.g., different amino and carboxy helices) going to different
effectors produces this poor correlation.

Of the 105 total variants, the 17 that expressed poorly are
at 13 evolutionarily conserved positions. These substitu-
tions, which are located in or near the FMN binding pocket,
FIGURE 3 Effects of point mutations on photocycle times and conforma-

tional change. (A) BLOSUM62 and SIFT scores are poorly correlated

(black line). (B and C) Effects as a function of BLOSUM62 score.
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likely alter FMN binding because of destabilization of the
binding pocket or the loss of interactions with the flavin.
Sixty-five mutants affect either or both tFMN and d222
(Fig. 4 and Table S1) with the overall pattern partially
explainable by location within the protein (Fig. 2 B) rather
than the BLOSUM62 or SIFT scores, which have little if
any correlation with either tFMN or d222 (Fig. 3, B and C).
Only substitutions of the adduct-forming C450 completely
prevented photocycling.

To sample how mutations affected the structural integrity
of proteins, we acquired 15N-1H HSQC spectra of a diverse
set of 26 variants (representative NMR spectra in Fig. S4).
In each spectrum, the majority of peaks with chemical shift
differences were near the site of the mutation, which is
expected given the change in the local chemical environ-
ment. Twenty-one variants have a WT-like 15N-1H HSQC
NMR spectrum (Fig. 4). For 4 variants, their HSQC spectra
are similar to the spectrum of AsLOV2DJa, a construct lack-
ing the Ja-helix. This similarity suggests that this helix is
undocked in these variants in the dark, but the remainder
of the protein is otherwise intact. The final variant,
L493A, a rather benign substitution (BLOSUM62 ¼ �1;
SIFT ¼ 0.5), has a spectrum with the majority of the peaks
not overlapping with either the wild-type or AsLOV2DJa.
However, L493A still photocycles (tFMN ¼ 121 s) but
with minimal conformational change (d222¼ 0.11), suggest-
ing a significant structural perturbation. Regardless, this was
the only variant of the 26 examined with a measurably
compromised structure, and the effects are essentially
unpredictable based on either SIFT or BLOSUM62.

Twenty-seven substitutions (26%) significantly affected
the photocycle time (tFMN < 50 s or tFMN > 110 s), and
55 (52%) altered the conformational change (d222 < 0.25
or d222 > 0.35). No obvious correlation exists between these
two properties (Fig. 3 A). For the eight substitutions that
only affected tFMN, their side chains are located near the
chromophore but distal to the A’a- and Ja-helices. The com-
plementary pattern is observed for 30 of 36 mutations that
affected only d222; their side chains are not adjacent to the
chromophore and reside either on or near the Ja-helix and
the A’a-helix, or they face outward on the b-sheet. The 21
(20%) substitutions that affected both tFMN and d222 are
generally on or located near the central b-sheet and the
two helices. Another 21 (20%) substitutions that have near
wild-type properties are located throughout the whole pro-
tein. These mutations are generally located toward the sur-
face of the protein, with some potentially in functionally
significant positions contacting the A’a-helix, the Ja-helix,
and the chromophore.
Structure–function and conservation
relationships

More than 75% of the variants have an effect on either or
both tFMN and d222. Effects are found at both evolutionarily



FIGURE 4 Effects of function altering single-point mutations mapped

onto the secondary structure. Single stars indicate conserved sequence

similarity in the LOV family and two stars indicate complete or near com-

plete sequence conservation.
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conserved and nonconserved sites. The most sensitive sites
tend to be in the anticipated regions, for example, near the
chromophore or the A’a- and Ja-helices. Because effects
are found throughout the protein, we conclude that most
of the protein does not function as an inert scaffold. Poten-
tially, this result reflects the small size of the protein coupled
with its multiple functionalities related to ligand binding
and conformational change. As a result, the average substi-
tution is likely to be located in or near functional regions.
Nevertheless, effects also are found for substitutions distal
to these moieties (Fig. 2 B).

Our second major finding is that most mutations have
only modest effects on tFMN and d222. No single mutation
completely eliminates the photocycle except for ones at
the adduct-forming C450 position (although the functional
properties are unknown for the 17 poorly expressing substi-
tutions that were not otherwise characterized). This toler-
ance argues that the light-triggered conformational change
does not result from a single mechanism. Rather, multiple
mechanisms are probably involved in relaying the signal
from the FMN to the A’a- and Ja-helices. Some mecha-
nisms may involve a conformational change in the b-sheet
(47,48).

Our third notable finding is that ~60% of the substitutions
have biophysical effects in the direction opposite of what we
anticipated. The photocycle and conformational change of
AsLOV2 require an architecture with an extensive set of
interactions along with a binding pocket that prevents access
of solvent to the FMN so that it can form a long-lived
adduct. In turn, the adduct generates a signal that is trans-
duced across the protein, resulting in a conformational
change via the A’a-helix and potentially involving the
b-sheets as well. Accordingly, we anticipated that most of
our substitutions should have reduced the photocycle time
by destabilizing the excited, metastable state of the chromo-
phore and/or the magnitude of the conformational change by
disrupting a signalling pathway.

Unexpectedly, most mutations either lengthen the photo-
cycle or increase the magnitude of the conformational
change. We appreciate that tFMN and d222 are biophysical
properties of the isolated AsLOV2 domain, whereas the
actual biological function of phototropin 1 is related to
phosphorylation and phototropism. Nevertheless, most char-
acterized phototropin LOV domains have a minute-long
photocycle (40) and mechanisms of conformational change
have been validated in vivo (32,49). These results support
our contention that photocycling times and conformational
change are properties critical to AsLOV2’s biological func-
tion, and altering these properties can compromise fitness.
Therefore, AsLOV2 does not appear to fit well into the
second structure–function paradigm in which dissimilar
substitutions are often disruptive.

A protein’s active site generally is conserved across its
family (50). In LOV domains, however, conserved residues
appear to play a larger role in stability than function. All
Biophysical Journal 105(4) 1027–1036
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17 mutations that poorly expressed are substitutions at
conserved positions and have SIFT scores below 0.05. On
average, substitutions at conserved positions have a bigger
influence on the tFMN than on d222, suggesting that the pho-
tocycle lifetime is under stronger selection pressure than the
conformational change (Fig. 4 and Fig. 5). The six substitu-
tions that most accelerated the photocycle are at conserved
sites. Similarly, the majority of the substitutions that decel-
erated the photocycle are at conserved sites, although the
three substitutions having the largest effects on photocycle
lifetime are at the nonconserved N414 position. However,
conservation is generally a poor predictor for the effect of
a substitution on d222, with the largest effects mostly occur-
ring at nonconserved sites. Therefore, sequence conserva-
tion generally is an inaccurate reporter of the functional
significance of sites in AsLOV2.

Among the conserved residues, we identified an unusual
three-residue b-bulge that is conserved across all PAS
domains with known structures and comes from all king-
doms of life (27). The billion-year conservation of this motif
located at the amino terminus of the Bb-strand (I427-I428-
F429 in AsLOV2) sharply contrasts with the extensive diver-
sity in PAS function and the type and location of ligands
within PAS domains. Suspecting that this region would be
functionally sensitive, we extensively mutated it. We found
only moderate effects, except for a charged I428D substitu-
tion that expressed poorly. We tentatively conclude that the
highly conserved bulge structure is a legacy that is difficult
to evolve away without compromising foldability. This un-
derscores our finding that conservation is not an accurate
predictor of function in AsLOV2.

Of the 74 single-residue mutations that expressed, 44 are
at positions that can be hydrogen-bond donors or acceptors.
Biophysical Journal 105(4) 1027–1036
Using a molecular dynamics relaxed structure of AsLOV2
derived from PDB ID: 2V1B (30), we found that only 23
of the side chains form intraprotein hydrogen bonds. Of
these 23 residues, 13 (57%) have an effect on ultraviolet
or circular dichroism when mutated to a non–hydrogen-
bonding residue. The presence or absence of a hydrogen
bond on the wild-type side chain is a mediocre predictor
of an effect. However, this deficiency does not imply that
all hydrogen bonds are of equal importance. We anticipated
that side-chain hydrogen bonding would play a greater
functional role than what we observed as changes in
hydrogen-bonding patterns have been suggested to be a sig-
nificant factor in the mechanism of light-activated confor-
mational change in LOV2 (51–53) and photoactive yellow
protein (PYP) (17).

We divided the residues into seven chemical categories,
polar (Gln and Asn), positive (Arg, Lys, and His), negative
(Asp, Glu, and Tyr), large hydrophobic (Ile, Leu, Met, Phe,
Trp), small hydrophobic (Ala and Val), (Pro and Gly), and
(Thr, Ser, Cys). When polar residues are substituted, 67%
have an effect on conformational change. Mutations to polar
residues also affect the photocycle length 67% of the time.
These results point to the general importance of electro-
statics in the protein’s function.

To quantify whether amino acid conservation can predict
function in AsLOV2, we examined the correlation between a
mutation’s tFMN and d222 value with its SIFT and BLO-
SUM62 scores (Fig. 3 and Table S1). Although no signifi-
cant correlation was observed between either score and
tFMN or d222, some trends emerged. For example, mutations
that were or were not predicted to be deleterious according
to SIFT had a mean difference in tFMN of only 26 and 18 s,
respectively. Unfavorable mutations, with BLOSUM62
FIGURE 5 Comparison of tFMN and d222 of

mutant proteins. The distribution for tFMN (vertical

histogram) is narrower than for d222 (horizontal).

Dotted lines denote our boundaries for wild-type

behavior.
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scores below 1.00, had a median effect on d222 of 0.07 units,
whereas the mutations with positive scores had a median
effect of 0.03 units. Only 3 of the 12 mutations with positive
BLOSUM62 scores changed d222 by at least 0.05 units,
whereas 28 of the 47 mutations with BLOSUM62 scores
below 0.00 (~60%) changed d222 by this amount, although
the majority increased this quantity (18 increased d222 and
10 decreased d222). This difference indicates that unfavor-
able BLOSUM62 scores are enriched with mutations that
positively affect d222.

To examine whether we could predict tFMN or d222 levels
from our basic feature data (original and mutated residue,
residue position, SIFT and BLOSUM62 scores), we imple-
mented the Random Forests algorithm to construct predic-
tive classifiers and assess the proportion of variance
explained by each variable (36,54). The Random Forests
algorithm is a machine-learning technique that uses thou-
sands of independent decision trees to perform classification
or regression by building trees from sampling random sub-
sets of all available variables (36). Leveraging our feature
data alone, our Random Forests classifier for d222 was
69% accurate at predicting interactions that affect d222 and
had an area under the receiver operating characteristic
curve of 0.84 (Fig. S2 A). The Pearson correlation coeffi-
cient (r) between predicted and experimental d222 values
was 0.91 (Fig. S2 B). Our classifier for tFMN was 77% accu-
rate at predicting interactions that affect tFMN and had an
area under the receiver operating characteristic curve of
0.85 (Fig. S2 D). The r-value between predicted and exper-
imental tFMN values was 0.90 (Fig. S2 E). These observa-
tions are predominantly because of the smaller proportion
of mutations that have an effect on tFMN. Therefore, the
classifier was considerably more specific (accurate at
correctly predicting mutations that would not affect tFMN)
than sensitive. The BLOSUM62 score and mutated amino
acid features are the most important features for classifying
d222, and the original and mutated amino acid features are
the most important for classifying tFMN (Fig. S2, C and
F). The reliability of our predictions is comparable to
similar predictive models that have used considerably
denser feature data to predict mutation-induced protein sta-
bility changes (55). However, our classifiers explained only
39% of the total variance in tFMN effects (Fig. S2 D) and
could not accurately predict d222 effects (Fig. S2 B). The
relative contributions of SIFT scores are minor to predicting
the effect of a mutation on tFMN or d222, further supporting
the notion that sequence conservation is an inaccurate re-
porter of the functional significance in PAS domains.

As compared with any other factor we examined, nega-
tive BLOSUM62 scores were the best predictor of muta-
tional effects. Potentially, this scoring system accurately
represents changes in residue character (charge, sterics,
and other chemical properties) because this score takes
into account the character of both the wild-type and
substituted residues. Mutations with negative BLOSUM62
scores have >60% chance of having an effect on allosteric
conformational change and photocycle length. Overall,
BLOSUM62 scores are good predictors; however, the inclu-
sion of more specific terms such as polarity or hydrophobic-
ity may be beneficial.
Comparison with other PAS domains

In contrast to the typical selection study that identifies only
winners, for example, tighter binders or more active
enzymes (56,57), only a few studies have measured function
for point mutations throughout the protein. In one such
study, Hoff and coworkers (17) performed a global alanine
scan on PYP, another PAS domain. Their results were
similar to ours in that ~60% of the substitutions had modest
effects. This finding led them to conclude that PYP com-
bines robustness with a high degree of evolvability. This
conclusion is supported by our data for AsLOV2, suggesting
that it is a common property of PAS domains and may
explain their widespread use in a variety of contexts across
multiple kingdoms.

Using an analysis of sequence covariation among PAS
domains, Halabi et al. (19) identified two distinct functional
sectors in LOV2, the loop connecting the Ja-helix to PAS
core and the residues around the chromophore. However,
the allosteric communication in LOV2 is between adduct
formation and the unfolding Ja-helix. Hence, one may
have expected these two regions to be part of the same
functional sector. The failure to identify the allostery using
sequence covariation probably can be explained by PAS
domains having evolved to have different carboxy ter-
minal output-signaling motifs as well as different binding
pockets for different ligands (e.g., FMN or flavin adenine
dinucleotide).

Freddolino et al. (52) applied clustering methods to their
molecular dynamics for both lit- and dark-state trajectories
of AsLOV2. They found that A’a-helix motions correlate
with motions of the Ab- and Bb-strands, and that these
motions play an important role in the initial dissociation
of the Ja-helix, a finding supported by our current and pre-
vious findings (30). The authors also propose that a G528A
mutation should stabilize Ja-helix docking. Although this
mutation does not increase d222, it does decrease conforma-
tional fluctuations in an AsLOV2–TrpR photoswitch (44).
Furthermore, the G528A mutation decreases tFMN by
approximately twofold, suggesting that mutations in the
N-terminus of the Ja-helix can form an interaction network
with the FMN. The molecular dynamics analysis suggests a
role for the tilting of the Ib-strand. Previously, we found the
msecond–millisecond dynamics of the whole Ib are poorly
correlated with the dynamics of A’a, Hb, and Ja, the three
structural elements whose dynamics are most correlated
with undocking of the Ja-helix (30). However, the Ib-sheet
could play a more nuanced role in photoactivated conforma-
tional change, as the b-sheets are shown by our analysis to
Biophysical Journal 105(4) 1027–1036
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be sensitive to mutations. A more detailed study is needed to
determine the role of the b-sheets in photoexcitation and he-
lix undocking.
Comparison with other proteins

With regards to other proteins, when a large mutational
library of TEM-1 b-lactamase was screened for ampicillin
resistance, the wild-type amino acid was found at only
16% of the positions (18). These residues are mostly located
in the active site or on the binding surface, although some
are scattered throughout the protein. A selection study using
the DNA repair enzyme 3-methyladenine DNA glycosylase
calculated a 34% probability that a random substitution
would reduce the activity of the enzyme below a particular
level (15). Using a b-galactosidase-coupled assay of DNA
binding by l Cro, Pakula et al. (58) found that stability
and DNA binding were altered in one third and one sixth
of random mutations, respectively. Conserved and catalyti-
cally crucial residues are approximately twofold less substi-
tutable than residues in the rest of the protein. These studies
agree with our study in that many substitutions do not have a
negative effect.

Studies on other proteins have found different behavior.
Palzkill and coworkers noted a positive correlation between
tolerance to substitution and solvent accessibility with
buried residues being less tolerant (18) for results on l

repressor (59), lac repressor (60), T4 lysozyme (61), and
the f1 gene V protein (62). A directed evolution screen of
cytochrome P450 BM3 variants for increased hydroxylation
of small alkanes observed effects at a few sites distal to the
functional region (63). The difference between the results
we see found and those of other systems may be attributed
to the function involving only a small fraction of the protein
or the conformational change may be less and more local-
ized. These studies also highlight that the interpretation of
the effects of distal mutations could benefit from having
structural information or additional information regarding
the dynamics and excited state(s) rather than relying on
the structure of the ground state alone.

The concept of a localized active site has been useful for
understanding protein structure–function relationships.
However, our and other data suggest that mutations at
many sites in a protein can alter its function. As a result,
the protein mutational landscape is plastic, allowing for
the evolution of novel functions. Furthermore, the observa-
tion that many putative deleterious substitutions throughout
AsLOV2 only mildly influence function suggests that
allosteric communication can be generated by multiple
mechanisms.
CONCLUSION

We performed one of the few large-scale functional analyses
of individual mutations throughout a protein, in particular,
Biophysical Journal 105(4) 1027–1036
one undergoing an allosteric conformational change.
Despite our intention to introduce disruptive substitutions,
most substitutions have modest or no effect on function,
and many even appear more functional in that they either
lengthen the photocycle (i.e., stabilize the metastable lit
state) or increase the magnitude of the conformational
change. Completely conserved residues can have minimal
effect, whereas substitutions at nonconserved sites can
have large effects. These data suggest that a PAS domain’s
allosteric function involves a more complex interplay of res-
idues throughout the protein than can be described by either
the standard scaffold or global models of protein function.
Further studies are required to assess whether our LOV2
results are generalizable to other proteins, in particular those
undergoing pervasive conformational changes.
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WT 0.3 80 WT Like

DJa 0.20 80 DJa Like

D408-411 0.15 71 DJa Like

D408-411 DJa 0.10 83

D410-412 0.34 72

T407P 0.27 81 1 0.01

L408D 0.18 96 -4 0.00 DJa Like

E409P 0.35 98 -1 0.01 DJa Like

R410G 0.35 78 -2 0.15

R410P 0.20 108 -2 0.06 DJa Like

K413A 0.22 59 -1 0.15 WT Like

N414V 0.25 350 -2 0.11

N414S 0.40 685 1 1.00

N414T 0.45 892 0 0.34 WT Like

F415E 0.29 65 -4 0.00

V416A 0.38 22 0 0.01

T418V 0.28 56 0 0.00

D419A 0.40 77 -2 0.00 WT Like

R421G 0.28 82 -2 0.05

R421D 0.25 58 -2 0.07

D424A 0.35 194 -2 0.00

I427A 0.22 6 -1 0.00

I427G NA NA -4 0.00

I427V 0.34 9 3 0.04
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I428T 0.40 53 -1 0.00

I428V 0.29 72 3 1.00

F429Y 0.32 66 3 0.09
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S433L 0.37 48 -2 0.02

S433V 0.37 64 -2 0.01

F434L 0.35 12 0 0.00 WT Like

L435A 0.44 263 -1 0.00

T438V 0.23 32 0 0.00 WT Like

E439A 0.26 71 -1 0.05 WT Like

Y440E NA NA -2 0.00

R442L 0.33 121 -2 0.17

E443A 0.35 58 -1 0.06

E444A 0.43 75 -1 0.00 WT Like

I445A 0.42 336 -1 0.00

L446E 0.45 42 -3 0.00

N449A NA NA -2 0.00

C450V 0 0 -1 0.00 WT Like
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