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effective strategies for photoxenase engineering. Previous
engineering endeavors have primarily generated photoxe-
nases with light-regulation factors (LRFs) of 2.2022.24 Only

recently, we could show that the incorporation of AzoF

close to RBexible domains that undergo catalytically relevant
conformational changes allows for LRFs up to 10,333

In comparison, allosteric (de)activation factors of natural

enzymes range between 2 and-4000 to adapt to the respec-
tive environmental requirements. 3237 Likewise, we expect
that each biotechnological application has its individual

demands on the photocontrol efbciency of photoxenases; for
some, doubling of yields may sufbce, while others might
benebt from LRFs of >100. Hence, to meet the individual

needs, a strategy is required that customizes and particularly
increases the photocontrol efpciency of photoxenases.

There are two potential ways to boost photocontrol in
photoxenases. First, photoconversion yields of the UAA can
be improved toward higher Z fractions in PSS and higher
E fractions in PSS either by optimizing the wavelength of
irradiation or using a different photoswitch. A second protein-
based approach toward higher photocontrol efbciencies is
presented by photoreceptor engineering in optogenetics.3®
Here, the initially low LRFs of identibPed photoreceptor
variants are further increased by directed evolution such as
semi-rational design strategies3!

In this work, we set out to test both approaches,
photochemical tuning and semi-rational design, on a photox-
enase. To this end, we chose imidazole glycerol phosphate
synthase (HisH_HisF), for which initial photoxenases are
available, 3°3 as a model system. HisH_HisF from Ther-
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motoga maritima is a well-characterized allosteric bi-enzyme
complex (Figure 1b). Its glutaminase subunit HisH hydrolyzes
glutamine to generate ammonia via a catalytic E180-H178-
C84 triad. *® Ammonia travels through an intermolecular
channel to the active site of the second subunit HisF,
where it reacts with N -[(5 -phosphoribulosyl)formimino]-
5-aminoimidazole-4-carboxamide ribonucleotide (PRFAR).
HisH shows only residual activity as a monomer and is poorly
activated by complexation with HisF. However, binding of
PRFAR or its precursor N -[(5 -phosphoribosyl)formimino]-
5-aminoimidazole-4-carboxamide ribonucleotide (ProFAR)
to the active site in HisF, termed allosteric site, stimulates
glutamine hydrolysis at the active site in HisH, termed
orthosteric site. 4143 Computational studies have postulated
an allosteric network that connects the more than 25 «
apart active sites of HisH and HisF. 4*®*? This leads to a
backbone Rip at the HisH active site, which fully forms
a catalytically relevant oxyanion hole. 4470 Notably, the
highly Rexible loopl at the HisF active site appears to be
part of this allosteric signaling network. 3434551 Moreover,
a hinge motion using the interaction between R249 in HisF
and W123 in HisH at the subunit interface was conbrmed
to be involved in the allosteric activation. **52 Remarkably,
replacement of W123 with AzoF in one of the HisH_HisF-
based photoxenases (here named hAzoF_HisF) established
photocontrol of glutamine hydrolysis with an LRF of 12
with, however, limited reversibility. 2

To pave the way for highly effective photoxenase engi-
neering strategies, we aimed to investigate i) whether we can
improve the photocontrol efbciency of hAzoF_HisF, ii) by
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which method, and iii) how this improvement is achieved
in mechanistic detail. While tuning of the photochemistry
at position W123 was largely ineffective, further engineering
of the enzyme scaffold in a semi-rational and combinatorial
design resulted in signibcantly improved photocontrol efb-
ciencies. Furthermore, combination of extensive steady-state
kinetic evaluations and computational studies using Molecu-
lar Dynamics (MD) simulations coupled to correlation-based
Shortest-Path-Map (SPM) analysis allowed us to illuminate
the mechanism of photocontrol in the parental construct and
the two best hits.

Results and Discussion
Photochemical Tuning of the Photoswitchable UAA

Although azobenzenes are frequently used photoswitches,
they are limited by non-quantitative photoconversion yields,
particularly in the E Z switch. Moreover, our recent
studies on isolated AzoF (PSS : 14E:867) 3% and hAzoF
(PSS : 27E:737) *4 demonstrated that the E:Z ratio varies
after incorporation. To optimize the ratio toward a higher Z
content, we initially tried different irradiation wavelengths
for the E Z switch. For this, we excluded wavelengths
<365 nm because of the high UV light sensitivity of
ProFAR (A = 270 nm), which we used as allosteric
ligand throughout this study as it previously yielded higher
LRFs. 3232 However, irradiation with >365 nm reduced the
Z content even further (Figure S1). Interestingly, during the
course of this work, the arylazopyrazole-based UAA AapF
(Figure 2a) was introduced, which showed higher photo-
conversion yields (PSS : 9E:91Z) than AzoF and which
can be co-translationally incorporated in Escherichia coli
via orthogonal aaRS/tRNA pairs. 5°4 Hence, we compared
recombinantly produced hAzoF with HisH containing AapF
at position W123 (hAapF). Initial characterizations revealed
that hAzoF and hAapF were obtained with high purity
(>95%), contained AzoF or AapF at position W123 and were

properly folded (Figures S2DS4A. Interestingly, hAapF in
complex with HisF (hAapF_HisF) appeared to be more stable
during thermal denaturation (T = 106 jC) than hAzoF_HisF
(T = 96 {C; Figure S4B) and comparably stable to wild-
type HisH_HisF (T = 109 jC3¥). Remarkably, UV/Vis
spectra (Figure 2b) conbrmed improved photoconversion
yields for hAapF in both the E ~ Z and the Z E switch
(365 nm: 1FE:87Z; 540 nm: 9E:8Z) compared to the pre-
viously determined values for hAzoF 3 (365 nm: 27FE:73Z;
420 nm: 8F:17Z). We then compared the rates of glutamine
hydrolysis for hAzoF_HisF and hAapF_HisF in their TEQ,
PSS , and PSS (Figure 2¢), for which we used a
previously established colorimetric coupled enzymatic assay
(Figure S5). 3132 Similar to our recent study, hAzoF_HisF
showed an 11-fold activation in PSS with 24% reversibility
in PSS and without structural disturbance (Figure S6A). In
contrast, glutaminase activity of hAapF_HisF was unaffected
by irradiation despite the better photoconversion of AapF.
These results imply that the photocontrol efbciency is not only
debned by the photoswitch but also by the enzyme itself and
particularly suggest a decisive role of interactions between the
photoswitchable UAA and residues of the enzyme in its direct
proximity. This is in line with two current studies, in which
we demonstrated that various photoswitchable UAAs 2% as
well as an alternative AzoF isomer induced upon dichromatic
irradiation > mediate different photocontrol efbciencies
within the same positions in HisH_HisF. While we argue that
the versatility of different photoswitches is benepcial for the
initial identibcation of photoxenases, it appears to be largely
ineffective to further boost the photocontrol efbciency of an
already established photoxenase.

Semi-Rational and Combinatorial Design of hAzoF_HisF
Variants

In parallel, we set out to improve the photocontrol efbciency
of hAzoF_HisF by protein engineering. For this, we chose a
semi-rational design approach (Figure 3a). Crystal structure
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analysis in our previous study showed that AzoF in position
123 of hAzoF maintained the essential cationBr interaction
with R249 in HisF and established an additional hydrophobic
interaction with 175 in HisF. 33 Moreover, our bndings indi-
cated that photocontrol is associated with a conformational
change of the subunit interface, which is important for the
allosteric activation of glutamine hydrolysis. Based on these
results, we decided to randomize residues that are i) in direct
proximity to AzoF or ii) located at the interface and relevant
for the allosteric activation of HisH (Figure 3b). To this end,
we brst selected all residues within a 4 « distance to the
AzoF molecule from the crystal structure. For the second
approach, we initially reduced the number of positions at
the interface by searching for residues that changed their
side chain conformation in a structural comparison of the
inactive and active HisH_HisF conformation. %59 We then
performed an alanine scan of the resulting bve positions to
determine which of these are allosterically connected to the
orthosteric site (Figure S7). While three of the tested variants
(hN12A_HisF, hR117A_HisF, and HisH_fQ123A) showed
only minor effects on glutamine hydrolysis, hR18A_ HisF and
HisH_fI73A exhibited >5-fold decreased glutaminase rates.
Hence, we created gene libraries targeting the 16 positions
close to AzoF and the two positions identiPed at the more
distant interface. For this, we performed scanning mutagenesis
obtaining 19 library members for each residue position.

We then established a screening assay for the evalu-
ation of photocontrol efbciencies using 96-well microtiter
plates (extended text S1, Figures S8DS1)l Remarkably, we
thereby found that the standard E. coli expression host
BL21 Gold (DE3), which allows for high expression yields
required for directed evolution experiments, outperformed
the B95.AA AfabR 5 strain, which was previously engi-
neered for UAA incorporation, since it showed only negligi-
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ble misincorporation of natural amino acids. A standardized
split-GFP assay®’®*? thereby allowed us to track the enzyme
content in the lysates. Furthermore, we chose our real-time
photocontrol assay for the activity-based screening, in which
we generally start the glutaminase reaction by the addition
of puribed enzyme (or lysate) in its TEQ, spectrophotomet-
rically follow its progress using our colorimetric assay, and
then determine the photocontrol effect upon 365 nm and
subsequent 420 nm irradiation in real-time. To improve the
signal-to-noise ratio in this assay, we removed mostE. coli
proteins from the cell lysates via a heat step. Quality control
by determining Z -factors conbrmed the reliability of this
optimized screening approach.

Remarkably, screening of all 342 hAzoF_HisF variants
that were produced from the 18 gene libraries identibed three
variants, hAzoF_fL2D, hAzoF_flI75K, and hAzoF_fl73P, with
improved LRFs (1.3-, 1.5-, and 1.8-fold) and slightly enhanced
reversibility (revs.) of photocontrol compared to hAzoF_HisF
(Figure 4a and Table S1). While positions fL2 and fI75 are
located in direct proximity to AzoF, fI73 is an allosterically
relevant residue position. We produced and puribed fL2D,
fI73P and fI75K in large scale with purities >95% (Figure S2)
for further evaluation of the three identibed hits in compari-
son to the parental construct. For this, we recorded real-time
(rt) photocontrol measurements of glutamine hydrolysis with
glutamine in saturation and high auxiliary enzyme concen-
trations (Figure 4b). The latter reduced the lag phase of
the coupled enzymatic assay, which improved its response
time after the addition of enzyme as well as after irradia-
tion. While we achieved an LRF(rt) of 15 and a revs.(rt)
of 42% for the parental construct, each hit showed a
signibcantly increased LRF(rt) (46D98) and revs.(rt) of photo-
control (55%D66%) (Figure 4c,d and Table S2). Notably, the
improved photocontrol efbciencies mainly originated from a
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reduced activity in TEQ. Moreover, all hAzoF_HisF variants

showed either similar or higher activities in PSS compared
to the control HisH_HisF, for which activity (Figure 4) and
structural integrity (Figure S6B,C) remained unaffected by
light.

Encouraged by these results, we further generated variants
that combined two or all three of the identibPed mutations
and recorded their real-time photocontrol (Figure 4e,f and
Table S2). Although the revs.(rt) appeared to be slightly
better (76%D89%), the LRF(rt) values for most variants were
generally less pronounced than for the single variants (20D69)
and the overall glutaminase activity was largely hampered.

Evaluation of Improved Photocontrol E ciencies and Selection
of Top Hits

To further break down the photocontrol effect in the

hAzoF_HisF variants, we recorded glutaminase steady-
state kinetics (Figure S12. Since our previous studies on
HisH_HisF 312 and asparaginase-glutaminasé®-based pho-
toxenases indicated that the photocontrol efbciency increases
when the enzymes are irradiated in their substrate-bound

state instead of their apo state, we established the PS5 and
PSS (successive 365 and 420 nm irradiation) of the variants
directly after the addition to each reaction mixture. Moreover,
we used the same enzyme concentration for PS5 and PSS
reactions to guarantee the successful establishment of each
PSS, which is dependent on the photoxenase concentration.
Finally, since the activity of TEQ was close to the detection
limit in real-time photocontrol experiments, we employed
higher enzyme concentrations for the determination of TEQ
activity providing more precise LRF values for each variant.

In fact, all variants in TEQ showed reduced catalytic
strength compared to hAzoF_HisF with  64-fold decreased
k , 3-fold increasedK and 299-fold decreasedk /K
values (Tables 1 and S3). Interestingly, the improvement
of the variants results from up to seven-fold increased
LRFs(k ) compared to hAzoF_HisF. LRF( K ) values were
throughout worse, and consequently LRF(k /K ) values
largely comparable to hAzoF_HisF. Notably, while three
of the variants showed similar revs.k ) values compared
to hAzoF_HisF in the range of 50%DP54%, four variants
demonstrated improved values between 59% and 72%. These
results demonstrated that hAzoF_fL2D and hAzoF_fl73P-
fl75K were the top two hits as they combine the best
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LRFs(k ) of 48 and 99 with high revs.k ) of 72% and 66%,
respectively.

To complete the evaluation of the photocontrol efpciency
for the parental construct and our best two hits, we analyzed
whether hAzoF_HisF, hAzoF_fL2D and hAzoF_flI73P-fl75K
can undergo multiple switching cycles. To this end, we
further increased the auxiliary enzyme concentration in our
coupled enzymatic assay to facilitate an instant response time,
which completely eliminated the lag phase resulting in a
pseudo-linear reaction course. While HisH_HisF retained its
activity despite repeated 365 and 420 nm irradiation cycles,
the hAzoF_HisF variants demonstrated fast and efbcient
photocontrol of HisH activity in form of step-shaped progress
curves (Figure 53). We then plotted the glutaminase rate of
each segment in these irradiated data sets as well as data sets
monitored in the dark (Figure 5b) against the corresponding
cycle number (Figure 5c and Table S4). This emphasized that
each variant largely maintains its TEQ activity in the dark
(light grey) as well as its PSS  activity after each 365 nmirra-
diation step (orange) and returns to lower activity values after
each 420 nm irradiation step (green) rendering photocontrol
reversible over multiple cycles. Thereby, the Prst switch-
ing cycle yielded revs.(rt) of 55% (hAzoF_HisF), 73%
(hAzoF_fL2D),and 78% (hAzoF_flI73P-fI75K) as expected
from steady-state kinetics. However, after the third switch-
ing cycle reversibility improved to  70% (hAzoF_HisF),

87% (hAzoF_fL2D), and  95% (hAzoF_fl73P-fI75K). To
conbrm that this improved reversibility was caused by the

repeated 365/420 nm irradiation steps, we performed a dose-
dependent recovery of activity in the same experimental
setup as in Figure5. After a single 365 nm irradiation step,
multiple 420 nm irradiation steps gradually reestablished
the lower activity of the PSS  (Figure S13. Importantly,
the attained minimum activity values after repeated 420 nm
irradiation showed a lower degree of reversibility ( 59%
for hAzoF_HisF, 72% for hAzoF_fL2D, and  72% for
hAzoF_fI73P-fI75K) as the repeated 365/420 nm irradiation
steps. Although we cannot further explain this effect at
this point, multiple switching cycles between PSS and
PSS appear to help enforce a conformational change
between the light-induced enzymatic states, and hence the
return to a less productive state in the case of hAzoF_HisF
variants.

Altogether, these Pbndings identiped two hits that are
promising for future application-oriented studies because of
their improved LRF( k ) values of 100 and good to nearly
guantitative reversibility of photocontrol compared to the
parental construct.

Independence of the Improved Photocontrol E ect from
Photochemistry and Complex Formation

So far, our Pndings demonstrated that protein engineering
is the method of choice for improving the photocontrol
efbciency of photoxenases. However, at the current state-
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of-the-art these experiments are majorly limited to low or
medium throughput screenings because of the low availability
of the UAA. Although semi-rational design appears to be
suited for this endeavor, residues for randomization need
to be carefully selected. In addition to hAzoF_HisF, we
set out to improve another HisH_HisF-based photoxenase,
in which AzoF was incorporated close to the HisF active
site (HisH_fAzoF). 3 Interestingly, mutagenesis of residues
within an 8 ¢ radius to AzoF in HisH_fAzoF, similar to
the approach for hAzoF_HisF, was ineffective for tuning
the photocontrol at the HisH active site. This emphasizes
the need of knowledge on the mechanism of photocontrol
to establish effective engineering strategies to further boost
photoxenases. For this reason, we performed a detailed
mechanistic investigation to further clarify the molecular
causes of the improved LRF(k ) values in hAzoF_fL2D and
hAzoF_fI73P-fl75K.

We started with a biophysical characterization of the
two hits in comparison to the parental construct. For this,
we initially conbPrmed that all three hAzoF_HisF variants
were properly folded and retained high thermal stability
(Figure S4C,D), although the denaturation midpoint was
reduced by 20 jC for hAzoF_flI73P-fl75K (T = 75 iC)
compared to hAzoF_HisF and hAzoF _fL2D (T 95 iC).
Photochemical characterization then demonstrated that AzoF
reached only minimally diverging E:Z ratios in the PSS and

nm for PSS

S ) plotted against each irradiation cycle.
(individual setup, TablesS ).

PSS in all three variants with comparable half-lives t  of
irradiation (Figure 6). Moreover, the photoswitch reversibil-
ity values upon 420 nm irradiation only vary slightly for
hAzoF_HisF (71%), hAzoF_fL2D (67%), and hAzoF_fI73P-
fl75K (63%). This further substantiates that the enzyme
environment instead of the photochemistry accounts for the
better photocontrol efbciencies in the two hits.

We next analyzed whether heterodimer formation
required for the activation of HisH by HisF is affected
by the photoswitch of AzoF at the subunit interface. Recent
studies indicated that the dissociation constant K ) of
HisH and HisF lies in the low nM range. ®@ Hence, we
trialed different methods for the highly sensitive analysis of
heterodimer formation. While surface plasmon resonance and
microscale thermophoresis experiments were problematic
owing to unspecibc sticking of the proteins to the matrix
and capillaries, Buorescence titration by introduction of the
UAA r-(7-hydroxycoumarin-4-yl)ethylglycine (CouA) into
each respective HisF subunit showed the necessary sensitivity
(Figure S15. CouA can be readily incorporated by amber
suppression using an orthogonal aaRS/tRNA pair® and has
been frequently used as a protein-based RRuorescent sensor
for proteinbligand interactions. 622%¢ Incorporation of CouA
at position K99 in HisF (HisF ) resulted in a sensitive
signal change by complex formation with HisH. This makes
HisF suitable for a comparative analysis of complex
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S ), and evaluation of theEZ content at each PSS, the half-life of isomerization as obtained by monoexponential “tting, and the
reversibility of the photoswitch. Exemplary data of spectra and evaluatioEdfratios are shown in Figuré&s .

Table : Biophysical analysis of hAzoF_HisF variants.

Variant State Ky (M) @ KacPOFAR(M) D)

hAzoF_HisF TEQ E + .
PSS + . +

hAzoF_fL D TEQ . *
PSS + . + .

hAzoF_fl P-fl K TEQ +
PSS +

HisH_HisF +

HisH_fL D + .

HisH_fl P-fl K +

Note: Raw data plots and non-linear curve “tting are shown in
FiguresS andS |, respectively. Irradiation: s per well with  nm

for PSS (individual setup, TableS ). Statistics:Ky values are given as
“tting value + SE for technical duplicates measured twice aKg. AR
values are given as “tting value SE for single measurements?
Apparent binding constant.”) Constant determining the concentration
of ProFAR, at which half-maximal activation of HisH is achieved.

formation in TEQ and PSS , although we expect an overall
hampered K owing to the location of CouA at the interface.
We determined CouA Ruorescence in the absence or presence
of various concentrations of hAzoF in TEQ or PSS for
HisF , fL2D , and flI73P-fl75K (Figure S16.
Interestingly, hAzoF_HisF exhibited the same apparent
binding constant K in its TEQ ( 0.19 pM) and PSS

( 0.21 uM; Table 2). hAzoF_fL2D demonstrated similar
behavior with an overall slightly reduced binding strength
( 0.31 and 0.29 pM) compared to hAzoF_HisF . Due
to a reduced signal change in the presence of hAzoF, we
could not analyze hAzoF_fI73P-fl75K . However, control
measurements with HisH instead of hAzoF showed that
while heterodimer formation in HisH_fL2D is hampered
with a K inthe range of 0.075 uM compared to HisH_HisF
( 0.009 pM), it retains high afbnity in HisH_fl73P-fl75K
( 0.005 pM). Hence, while AzoF incorporation and
mutation of HisF minimally affected complex formation,

AzoF isomerization instead appeared to maintain a stable
complex.

Modi“cation of Allosteric Components in the Selected
Photoxenase Hits

Steady-state kinetics of the two best hits revealed that the
improvement of their photocontrol efbciency is primarily
rooted in an increased LRF(k ) (Table 1). Since HisH_HisF
is regulated in nature by a strong V-type allosteric stimulation,
we contemplated that increased LRFsk ) might hence
correlate with a light-dependent modulation of the allosteric
machinery in the hAzoF_HisF variants. As a Prst assessment
thereof, we performed real-time photocontrol experiments of
glutamine hydrolysis in the absence of an allosteric stimulator
(Figure S17 and Table S6). In hAzoF_HisF, TEQ is as
dependent on allosteric activation as HisH_HisF showing a
similar glutaminase activity ( 0.024 min ), whereas PSS
exhibits constitutive activity ( 0.939 min ) with an LRF(rt)
of 39 and a revs.(rt) of 47%, which coincides with
our previous study.3d Remarkably, this photocontrol of
basal activity was reinforced in hAzoF_fL2D with a 10-fold
decrease in glutamine hydrolysis in TEQ ( 0.002 min )
and a 5-fold increase in PSS ( 0.142 min ) compared to
HisH_HisF, resulting in an LRF(rt) of 71 and a revs.(rt) of
69%. In contrast, the effect was reduced in hAzoF_fl73P-
fl75K, which obtained a low glutaminase activity in TEQ
( 0.004 min ) and an only slightly increased activity in
PSS ( 0.094 min ) compared to HisH_HisF with an
LRF(rt) of 24 and a revs.(rt) of 70%. The deviation
of activities as well as LRF(rt) values in the absence and
presence of ProFAR already suggested that the allosteric
mechanism might differ in the three hAzoF_HisF variants.

To further unravel the potential changes in allostery, we
next focused on the effect of E ~ Z isomerization in the three
hAzoF_HisF variants on elements that connect the allosteric
and orthosteric site (Figure 1b): i) ProFAR binding and loop1
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RBexibility at the HisF active site, and ii) signal transmission
along an allosteric path to the HisH active site. To this end,
we employed a combined approach of kinetic investigations
and computational evaluations via MD simulations coupled
to correlation-based analysis with the SPM tool. 6768 All sim-
ulations were thereby performed starting from the ProFAR-
and glutamine-bound catalytically active state (Figure S18
with AzoF incorporated either in its E or Z conbguration
at position W123 in HisH. The modeled hAzoF_HisF ,
hAzoF_fL2D , and hAzoF_fl73P-fl75K  complexes thus
contain 100% E/Z isomer and correlate either with the E-
enriched TEQ or the Z-enriched PSS that we used in our
experimental analyses. In the interest of clarity, ®O delineates
residues in the HisH subunit and GO residues in the HisF
subunit from now on.

First, we evaluated the binding of ProFAR and its
inBuence on hAzoF by recording glutamine hydrolysis in
the absence and presence of various ProFAR concentrations.
As a result, we obtained K values, which constitute
the ProFAR concentration required to induce 50% hAzoF
activity. All variants showed only minimal LRF( K )
values 2 in their PSS compared to TEQ (Table 2 and
Figure S19, which coincides with the results for hAzoF_HisF
in our previous study. 3 However, K values were
increased two- (hAzoF_fL2D) and four-fold (hAzoF_fI73P-
fl75K) compared to hAzoF_HisF. To clarify these effects,
we computationally analyzed the ProFAR binding pocket
when the orthosteric site in HisH is in the closed catalytically
active state for enhanced glutamine hydrolysis. Interestingly,
hAzoF fL2D and hAzoF flI73P-fl75K showed alternative
conformations of loop1 and loop5 compared to hAzoF_HisF
(Figure 7a). Owing to this difference, fK19 (loopl) and
fK179 (loop5) were unable to form a salt-bridge with the
phosphate group of ProFAR in the two hits, which is in
line with the experimentally increased K . Moreover,
the comparison of the non-covalent interactions via NCI
analysis®9 established by ProFAR suggests a higher number
of stronger interactions (purple-blue color; Figure S20 for
all variants in their Z state, which is consistent with the
lower K in PSS compared to TEQ. Intrigued by
the differences in loopl and loop5 between the variants, we
further evaluated the root mean square Ructuations (RMSF)
indicative of changes in Rexibility/rigidity (Figure S21) of
the heterodimers. Loop5 showed an overall rigidibcation in
the two hits but no distinction between the E and Z states.
In comparison, loopl retained a similar Rexibility in the E
state of all three variants. Interestingly, while loopl gains
Rexibility through E Z isomerization in hAzoF_HisF,
it loses Rexibility in hAzoF_fL2D and hAzoF_fl73P-fl75K.
Since rigidibcation of loopl correlates with higher activities
in HisF, ™ we further investigated this effect by determining
PRFAR turnover rates (extended text S2 Figures S22 and
S23 Table S7). In line with the RMSF values, the increase
in Bexibility of loopl in hAzoF_HisF coincided with lower
HisF activities in PSS compared to TEQ, whereas its
rigidipcation in both variants resulted in higher HisF activities
in PSS . Hence, our bPndings indicate changes in ProFAR
binding and loop1 Rexibility upon E Z isomerization in
the allosteric site of each variant, the latter of which appears
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to be associated to changes in PRFAR turnover. However,
they lack to explain the improvement of LRF( k ) at the
orthosteric site.

Finally, we were interested in how signal transmission
differs in the three hAzoF_HisF photoxenases and whether
the catalytically relevant regions are similarly identibed in
the allosteric pathways of all variants. To this end, we
evaluated the results of our correlation-based SPM analysis.
For hAzoF_HisF, we found a disconnected path between
the allosteric site and the orthosteric site with only N = 24
when AzoF adopted the E conbguration (N is the number
of residues identibed in the SPM network; Figure 7b). In
line with an increased glutaminase activity in the Z state, the
communication between the allosteric and orthosteric site was
then enhanced with a continuous path of N = 51 starting
at the ProFAR binding site, traversing loopl and loop5, the
interface and the catalytic site in hAzoF, and ending at the
oxyanion strand harboring the oxyanion hole. In contrast, the
ProFAR pocket is majorly and even entirely decoupled from
the orthosteric site in hAzoF_fL2D and hAzoF_flI73P-fI75K,
respectively (Figure 7c,d). In fact, the nearest SPM positions
are located >7 « from the center of mass of ProFAR. More-
over, while hAzoF_flI73P-fl75K maintains a similar number of
conformationally relevant residues compared to hAzoF_HisF
(N = 36/50 for E/Z), hAzoF_fL2D shows a larger number of
connected residues for both AzoF conbgurations N = 50/76
for E/Z) that are mostly located at the subunit interface.
In conclusion, the observed degree of (de)coupling of the
allosteric and orthosteric site in hAzoF_HisF, hAzoF_fL2D,
and hAzoF flI73P-fl75K correlated with the k  of each
variant state, most likely because of the V-type allosteric
connection. In this respect, PSS of hAzoF_HisF showed the
highest turnover number owing to the intact allosteric path,
and hAzoF fL2D as well as hAzoF flI73-fI75K exhibited
increasingly hampered k  values owing to the increas-
ingly intensibed allosteric disconnection. This demonstrates
a complex rewiring of allostery in all three hAzoF_HisF
variants.

Although analysis of neither the allosteric site nor the
allosteric signal transmission provided a reasonable expla-
nation for the improved LRF( k ) values at the orthosteric
site in HisH, SPM analysis indicated an enhanced con-
formational network at the orthosteric site and connected
subunit interface in both hits compared to the parental
construct. Hence, we next performed a detailed analysis of
conformational changes between theE and Z conbgurations
of AzoF at the active site of HisH as well as the subunit
interface.

Correlation of Photocontrol Improvement in Selected
Photoxenases with Altered Conformational Shifts at the
Orthosteric Site

Glutamine hydrolysis in HisH involves the formation of a

covalent thioester intermediate by the release of ammonia
and its attack by water to generate glutamate.”Y! Recent
calculations of reaction energy probles thereby indicated
that conformational transitions associated to the allosteric
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activation of HisH primarily inBuence the brst part of the
reaction (Figure 8). 72 This includes the closure of the subunit
interface as debned by the anglex between fF12C and
hW/AzoF123 as well as hG52 (Figure S25A). 324373
The closed state facilitates a productive active site through
the repositioning of the substrate glutamine. Moreover, the
backbone rotation of hV51 in the oxyanion strand from an
inactive conformation (dihedral angle: $S180j < ¢ < S90j)
to an active conformation (30j < ¢ < 90j) establishes the
catalytically decisive oxyanion hole.**74 Consequently, we
focused our analysis on these two conformational changes as
well as the two critical catalytic residues hH178 and hC84
during thioester formation. In step 1, hH178 deprotonates
hC84 along distance d1 to increase its nucleophilicity for the
subsequent nucleophilic attack (step 2) on the carboxamide
group of the glutamine substrate along distance d2. This
generates a negatively charged tetrahedral intermediate,
which is stabilized by the oxyanion hole. Acid-catalysis by
hH178 along d3 Pbnally initiates the release of the amide
moiety of the tetrahedral intermediate as ammonia to create
the thioester intermediate (step 3).
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We started our analysis by reconstructing a conformational
landscape based on two (d1 and d3) of the bve critical
angles/distances debned in Figure8, from our MD simu-
lations. Notably, we observed two distinct conformational
populations in the parental construct with AzoF in its E con-
bguration (Figure 9a). Closer investigation revealed that con-
formationl is highly productive with a closed subunit interface
(e 15j), an active oxyanion hole (¢ 77;), aweak " hH178D
hC84 hydrogen bond (d1 3.7 ), an effective nucleophilic
attack distance hC84DGIn (d2 3.2 ), and a moderate 7
hH178-GIn hydrogen bond (d3 3.2 «; Figures 9b and S25
S29. In contrast, conformation2 appeared to be unproductive
with an open subunit interface (¢ 21j), an inactive oxyanion
hole (¢ S 147;), and similar or weakened catalytic distances
d1bd3. The long d2 (4.5 ¢) and d3 ( 6.1 ¢) distances
explored were mostly related to the repositioning of the
substrate glutamine due to both conformational changes at
the subunit interface and the active-to-inactive transition of
the oxyanion strand. This favored the establishment of a
hydrogen bond between the carbonyl oxygen of glutamine
and hG52 (3.0 £+ 0.2 +), which has been described in a

85UBD 17 SUoWIWLOD AR a(ged!|dde ay) Aq pausenob ate sadie YO ‘8sn Josajn. oy AriqiT]auljuQ A3 ]I UO (SUOIIIPUOD-pUe-SWLBY WY A3 | 1M Alelq 1 puluo//:Sdny) suonIpucD pue swie | auy) 88S *[S20z/TT/7z] uo Aflqiaulluo 8| ‘Bingsusfey 1eelsAlun AQ 9688TS202 3 1Ue/Z00T OT/I0p/Wod 8| 1M Areuq i pul|uo//:sdny wouy pepeojumod ‘0 ‘€LLETZST



HisH/hAzoF

)

HN™ N« -
3

hH178 hC84 Mvm
v

\‘p o

step 1
v

Q
HNTSNHY on
A
e T ; o

hH178 hC84
Cé H hV51

oxyanion hole

step 2

oxyanion hole

step 3

T

hC84 O
hH178 hV51

oxyanion hole

Research Article

Angewandte

intemational Edition’y, Chemie

previously reported inactive crystal structure of HisH_HisF
(PDB: 3zr4). “4 Remarkably, isomerization of AzoF to Z
led to a slightly improved productivity of conformationl
with a reduced d1 ( 3.4 «; Figure S27 and d3 ( 3.1 e;
Figure S28 distances, and to the complete loss of confor-
mation2 (Figure 9a,b). This change between hAzoF_HisF
and hAzoF_HisF is comparable to the observed factors that
debne photocontrol in optogenetic photoreceptors. 193878
Hence, similar to photoreceptors, LRF(k ) of hAzoF_HisF
can be described by the altered difference in population
of conformationl and conformation2 between the E and
Z state, meaning the size of the resulting conformational
shift, and the productivity of the more productive con-
formationl (shorter d1 and d3 distances). In Figure 9, a
qualitative representation of the relative populations of both
conformations is shown with weighted spheres, whereas
productivity of each conformation is represented with gears
(one for each d1/d3 distance and scaled based on the distance
value).

Next, we compared hAzoF fL2D to the parental con-
struct using the conformational shift and the productivity
of conformationl. The difference to hAzoF_HisF appeared
to be mainly based on a changed equilibrium toward
higher proportions of the unproductive conformation2, and
thus toward higher conformational heterogeneity, in both
the E and Z state (Figure 9¢). This is in line with the
largely disconnected allosteric paths (Figure 7) and the
overall reduced k (Table 1) of hAzoF _fL2D compared
to hAzoF_HisF. Moreover, the size of the conformational
shift between the E and Z state was signibcantly reduced,
since conformation?2 is strongly populated in hAzoF_fL2D .
Interestingly, the degree of productivity of conformationl in
hAzoF _fL2D s also lower as compared to hAzoF_HisF
due to the displacement of the minimum toward longer
dl distances (Figure 9d). This is again in line with the
reduced k for hAzoF _fL2D (Table 1). Hence, both
factors, the size of the conformational shift and the pro-
ductivity of conformationl are actually reduced compared
to hAzoF_HisF, which appears to be contradictory to an
improved LRF(k ). However, the photoreceptor model in
optogenetics states that an increase in heterogeneity is a third
factor for the improvement of photocontrol (Figure S30,
which appears to be the case for hAzoF _fL2D. Impor-
tantly, we have to note that the ~-terminal position of the
mutation fL2D makes the interpretation of the MD data
and therefore the correlation to experimental data more
challenging.

Similarly, hAzoF_fI73P-fI75K showed a changed equilib-
rium toward even higher proportions of the unproductive
conformation2 in its E state compared to hAzoF_HisF and
hAzoF_fL2D (equally sized spheres; Figure 9e€) increas-
ing its conformational heterogeneity and hence LRF(k ).
Again, this correlates with the completely disconnected
allosteric paths (Figure 7) and the overall decreased k
(Table 1). Although, conformation2 is highly populated in
hAzoF_fI73P-fI7T5K , only remnants of it were detected in
hAzoF_fI73P-fl75K . As a result, the size of the confor-
mational shift between the E and Z state was increased
compared to hAzoF_HisF, which further explains the large
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engineering process

LRF(k ). Furthermore, productivity of both conformations
as a measure of the interface conbguration, the oxyanion
hole conformation and the three catalytic distances d1Bbd3
remained similar to those in hAzoF_HisF. However, the lower
k value observed for hAzoF_flI73P-fI75K is explained by
the displacement of the minimum toward slightly longer d1
distances. As an additional measure, we found that fK75
establishes stable cation and CHByr interactions with AzoF
primarily in conformationl, while longer cationb and CHP
7 distances are explored in conformation2 (Figure S31). This
additional interaction might be key for the changes in the
allosteric path and the conformation shift, and hence for the
improved LRF(k )in hAzoF_fl73P-fI75K.

In conclusion, the two best hits demonstrated a change
in the size of the conformational shift, the productivity of
conformationl and the conformational heterogeneity upon
E Z isomerization. This not only claribes the molecular
causes of the improved LRF(k ) values but also suggests that
future semi-rational design approaches of photoxenases might
be most effective by targeting catalytically relevant domains
or directly the active site.

Conclusion

In this study, we have demonstrated that the photocontrol
efbciency of hAzoF_HisF can be improved by introduc-

ing mutations at the heterodimer interface close to AzoF,
which led to signibcantly increased LRF values with near-
guantitative reversibility. By combining experimental steady-
state kinetic data with the correlation-based SPM method and
computational reconstruction of conformational landscapes,
we elucidated the photocontrol mechanism of hAzoF_HisF
and how this is altered in the best two hits (Figure 10). The
analysis of the allosteric networks indicates a more decoupled
communication between both subunits leading to an overall
lower catalytic activity in the hits. We further observed that
conformational changes at the orthosteric site are directly
correlated with the photocontrol improvement established
in our semi-rational design experiments. This particularly
involves the size of the conformational shift induced upon
AzoF isomerization, the productivity of the active confor-
mation, and the conformational heterogeneity. In sum, these
bPndings suggest that amino acid exchanges close to the
orthosteric site are highly effective to customize photocontrol
in photoxenases. Finally, while the parental hAzoF_HisF and
the best two hits already achieved pronounced LRF(K )
values of 15, 48, and 99, the changes in the conformational
shifts appeared to be rather small. This observation implies
that further semi-rational design, and directed evolution in
general, may optimize the conformational shift of these
hAzoF_HisF photoxenases and hence maximize the LRF
values beyond 100, which signibcantly emphasizes the power
of photoxenase engineering.
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