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Abstract

Cyanophycin is a biopolymer composed of long chains of B-Asp-Arg. It is widespread in nature,
being synthesized by many clades of bacteria, which use it as a cellular reservoir of nitrogen, carbon and
energy. Two enzymes are known to produce cyanophycin: cyanophycin synthetase 1 (CphA1), which builds
cyanophycin from the amino acids Asp and Arg by alternating between two separate reactions for
backbone extension and side chain modification; and cyanophycin synthetase 2 (CphA2), which polymerizes
B-Asp-Arg dipeptides. CphA2 is evolutionarily related to CphA1l, but questions about CphA2’s altered
structure and function remain unresolved. Cyanophycin and related biopolymers have drawn interest as
potential “green” polymers. Because it only has a single active site, CohA2 could potentially be more useful
than CphA1 for biotechnological applications seeking to produce modified cyanophycin or other polymers.
In this study, we report biochemical assays on nine cyanobacterial CphA2 enzymes and report the crystal
structure of CphA2 from Gloeothece citriformis at 3.0 A resolution. The structure reveals a homodimeric, 3-
domain architecture. One domain harbors the polymerization active site and the two other domains have
structural roles. The structure and accompanying biochemical assays explain how CphA2 binds and
polymerizes B-Asp-Arg and highlights differences in in vitro oligomerization and activity between CphA2
enzymes. Using the structure and distinct activity profile as a guide, we introduced a single point mutation
that converted Gloeothece citriformis CphA2 from a primer-dependent enzyme into a primer-independent

enzyme.



Cyanophycin, first discovered in cyanobacteria almost 140 years ago?, is a biopolymer produced by
many bacterial species?. It has a poly-L-Asp backbone with an L-Arg attached to each sidechain through an
isopeptide bond* (Fig. 1A). This composition gives it a high nitrogen content of 24% by mass, making it
especially valuable for nitrogen storage®, although it can also be useful for storing carbon and energy®”’.
Cyanophycin's function as a nitrogen reservoir is especially beneficial in nitrogen-fixing cyanobacteria®:
nitrogenase is inhibited by oxygen®, so (aerobic) photosynthesis and nitrogen fixation must be separated,
either temporally (in a day/night cycle)® or spatially (e.g. in heterocyst and vegetative cell types)*.
Cyanophycin biosynthesis is coordinated with nitrogen fixation to produce reserves of excess fixed
nitrogen. Subsequent cyanophycin degradation allows this store of nitrogen to be utilized on demand in
aerobic periods or locations®*!,

In addition to its biological roles, cyanophycin also has attractive biotechnological potential, with.
applications ranging from a source of poly-Asp (commonly used as a water softener and super swelling
material as well as a biodegradable alternative to poly-acrylic acid) to a material for bandages*?. Despite its
attractive properties, the commercial use of cyanophycin has been limited, because yields of polymer to
date are too low for commercial viability. Many studies have targeted combinations of enzyme, mutations,
and host system in order to maximize heterologous expression'**®, Deeper understanding of cyanophycin
biosynthesis could benefit these efforts.

Cyanophycin is polymerized by one of two enzymes, which use different substrates and reaction
pathways. CphA1 alternately adds an aspartate to the polymer backbone and then an arginine to the Asp
side chain, in two separate ATP-dependent reactions at two different active sites®. In contrast, CphA2 links
B-Asp-Arg dipeptides together by a repetitive, ATP-dependent polymerization reaction at a single active
site’’18 (Fig. 1A). While primary metabolism provides the Asp and Arg building blocks for CphA1, the B-Asp-
Arg dipeptide used by CphA2 is generated by degradation of cyanophycin by cyanophycinase®®. CphA1 is
found throughout bacteria?3, but CphA2 evolved from CphA1 fairly recently in cyanobacterial’ 8. The two
enzymes seem to have partially overlapping roles in vivo, as the functions of both have been shown to be

important for maximal cyanophycin production in Anabaena'’'8. Together with cyanophycinase and



isoaspartyl dipeptidases, CphAl and CphA2 balance cyanophycin biosynthesis and degradation, allowing
cyanobacteria to respond to variations in nitrogen availability.

Cyanophycin synthesis can be primer dependent or primer independent®. In primer dependent
synthesis, cyanophycin synthetase can extend an existing chain of cyanophycin polymer, but cannot
perform de novo cyanophycin production from ATP, Asp and Arg (for CphA1), or from ATP and B-Asp-Arg
(for CphA2). CphAl enzymes are largely primer dependent, with one known exception®°. Molecules other
than cyanophycin can also serve as primers for CphA1, albeit with low efficiency?!, explaining how CphA1
can make cyanophycin in heterologous expression systems such as E. coli that do not possess pre-existing
polymer??. CphA2 has been reported to be primer-independent in vitro, but the reactions were performed
with a very high B-Asp-Arg concentration?®.

Recently, we revealed the architecture of CphAl and showed how it makes cyanophycin by
combining the functions of three different domains. The ATP-grasp-like G domain adds Asp to the terminal
backbone carboxylate of cyanophycin; the Mur-ligase family-like M domain adds Arg to the side chain of
the newly-added Asp; and the N domain loosely binds nascent cyanophycin to allow the end of the polymer
chain to move more efficiently from one active site to the other.

Biochemical characterization of CphA27* and the structures of the related CphA1 enzymes? are
informative for understanding CphA2, but unanswered questions about its function and structure remain.
Sequence analysis shows that CphA2 has a region similar in length to the N domain, an intact G domain and
a C-terminal truncation that likely compromises the active site of the M domain? ® (Sup. Fig. 1A).
Moreover, the overall architecture of CphA2 is unknown and the oligomeric state uncertain®®. It is assumed
that the single intact (G domain) active site of CphA2 catalyzes a similar reaction to that of CphA1, but it is
not known what differences it has acquired. Likewise, it is unknown whether the N domain of CphA2 has a
role in polymer binding. It is also unclear whether CphA2 enzymes are primer dependent at physiological
substrate concentrations, and whether primer (in)dependency is shared by all CphA2s from different
bacteria or varies from enzyme to enzyme.

In this study, we characterized CphA2 enzymes from 9 different bacteria and solved the structure of

one, Gloeothece citriformis PCC7424 CphA2, gaining insight into the mechanism of substrate recognition



and activity. The results, and comparison with CphA1, provide insights into the roles of the individual

domains of CphA2 and help explain their contribution to enzyme activity.

Results and Discussion

Cyanophycin synthesis by CphA2

The B-Asp-Arg polymerization reaction performed by CphA2 is thought to proceed in a two-step
manner, analogous to Asp ligation by the CphA1 G domain and amide bond formation by other ATP-grasp
enzymes. In the first step, the terminal carboxylate of the cyanophycin polymer is phosphorylated using
ATP and, in a second step, the resulting acylphosphate intermediate undergoes nucleophilic attack by the
alpha amine of B-Asp-Arg, resulting in extension of the polymer chain by one dipeptide (Fig. 1A). The
published in vitro activity assay conditions for A. variabilis ATCC 29413 and Cyanothece sp. PCC 7425 CphA2
included 100 mM of the dipeptide substrate B-Asp-Arg'®, a very high concentration which is unlikely to be
common in the cell. Although a cyanophycin primer, which is often required for CphA1 activity'®, was not
necessary, the authors stated that the presence of purified soluble cyanophycin enhanced in vitro activity®®,

For more detailed biochemical characterization of how primers influence CphA2-catalyzed
cyanophycin synthesis, we cloned, expressed and purified CphA2 from Gloeothece citriformis PCC7424
(Sup. Fig 1C). Cyanophycin formation was monitored by an increase in the ODgoo of the reaction solution
caused by scattering of light by insoluble cyanophycin?. Although no activity was observed for 2 mM B-Asp-
Arg alone, addition of 50 uM (B-Asp-Arg)s; as a primer enabled robust polymerization of the dipeptide (Fig.
1B). The shorter (B-Asp-Arg), peptide could also prime the reaction but was less effective than (B-Asp-Arg)s,
whereas increasing the length of the primer to (B-Asp-Arg), did not result in a further increase in rate (Fig.
1C). Thus, (B-Asp-Arg)s appears to be an optimal length to prime cyanophycin polymerization by CphA2 and
was used in all subsequent experiments. Variation of the buffer conditions showed that G. citriformis
CphA2 exhibited the highest activity at pH 9 (Fig. 1D) and at moderate potassium chloride concentrations
(Fig. 1E). Potassium is required for CphA1 and CphA2 activity, and cannot be replaced by sodium?.
However, high ionic strength was inhibitory, as activity decreased sharply with increasing KCl or NaCl

concentrations (Fig. 1E,F).
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Figure 1. Cyanophycin synthesis by CphA2. (A) Schematic diagram of cyanophycin synthesis catalyzed by CphA2. First, the terminal
backbone carboxylate of a cyanophycin chain is phosphorylated by ATP. This intermediate is then attacked by the alpha amino
group of an incoming B-Asp-Arg dipeptide, thus extending the cyanophycin polymer. (B) Cyanophycin synthesis by G. citriformis
CphA2 in the presence of 50 uM (B-Asp-Arg); primer, measured by increase in the ODgqo of the reaction solution caused by
scattering of light by insoluble cyanophycin. (C) G. citriformis CphA2 activity with different primer lengths shows that (B-Asp-Arg), is
the minimal chain length that can serve as primer and at least (B-Asp-Arg)s is required for maximal rate. (D) pH dependence of G.
citriformis CphA2 activity. Bis-tris propane was used as buffer in these assays as it covers the optimal pH range better than HEPES,
which was used in all other experiments. The enzyme displayed maximal activity around pH 9. (E) The dependence of G. citriformis
CphA2 activity on KCl concentration. At least 8 mM are required for maximal activity rate. Substantially higher concentrations
inhibit activity. (F) The dependence of G. citriformis CphA2 activity on NaCl concentration. Reactions contain 40 mM KCl in addition
to the NaCl concentrations indicated. Increasing ionic strength decreases Vmayx, presumably because the high salt concentration
interferes with the binding of cyanophycin, which is predominantly electrostatic. All experiments were carried out in quadruplicate.
Bar height represents the mean value of the maximal activity, and error bars show the standard deviation.



Having established reaction conditions for one CphA2 enzyme, we expanded our study to
additional examples, cloning and expressing CphA2 enzymes from an additional eight different
cyanobacterial species: Anabaena variabilis PCC7120, Anabaena sp. UTEX2576, Calothrix elsteri CCALA953,
Leptolyngbya boryana NIES2135, Stenomitos frigidus ULC18, Mastigocladus laminosus UU774, Stanieria sp.
NIES3757 and Tolypothrix sp. NIES4075. These homologs have 51-97% identity to each other (Sup. Fig. 1B),
and include members of cyanobacterial sections I-IV3. All enzymes expressed well in E. coli and could be
purified in soluble form (Sup. Fig. 1C). Like G. citriformis CphA2, seven of the new enzymes displayed
cyanophycin synthesis activity when provided with the (B-Asp-Arg); primer (Fig. 2A, Sup. Fig. 1D). However,
they exhibited substantial differences in Vmax and in lag time before detectable cyanophycin synthesis; C.
elsteri CphA2 did not display any activity under the conditions tested.

We next asked if any of the new CphA2 enzymes could synthesize cyanophycin in the absence of
primer. Although G. citriformis CphA2 had shown no primer independent activity (Fig. 1C), primer-
independent activity has been reported for one CphA1l enzyme?® and, at very high substrate concentration,
for A. variabilis and Cyanothece sp. CphA2. We performed assays with the purified CphA2 enzymes using
2 mM B-Asp-Arg and no primer (Fig. 2B, Sup. Fig. 1E). CphA2 from S. frigidus, like the G. citriformis enzyme,
produced no cyanophycin in the absence of primer, despite being active in primer-dependent cyanophycin
synthesis. However, the other six CphA2 enzymes able to perform primer-dependent synthesis also made
cyanophycin in the absence of primer. For each enzyme, the primer-independent rate we observed was
much lower than the primer-dependent rate, and the lag time was much longer (Sup. Fig. 1E). Interestingly,
we found no correlation between the relative maximal rates of the different enzymes’ primer-dependent
and primer independent activity. For example, G. citriformis CphA2 displayed the highest primer-dependent
activity but had no measurable primer-independent activity, whereas M. laminosus CphA2 gave the highest

primer-independent Vmax yet ranked fifth for the primer-dependent Vmax (Fig. 2A, B).
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Figure 2. Activity and size exclusion profile of nine CphA2
enzymes. (A) Vmax values for cyanophycin synthesis by nine
different CphA2 enzymes in the presence of 50 uM (B-Asp-
Arg)s primer. (B) Vmax Values for cyanophycin synthesis by
the nine CphA2 enzymes in the absence of primer. (C) SEC
chromatograms of the 9 homologs. While most displayed a
major peak corresponding to ~156-186kDa, C. elsteri had
two peaks corresponding to ~217kDa and ~460kDa, and
Stanieria sp. eluted as one peak with a molecular mass
corresponding to ~536kDa, showing that some homologs
form oligomers other than dimers in solution. All peaks
were normalized to the maximal peak height.

Oligomeric state of CphA2 enzymes

Oligomerization of CphA2 would be
expected, as CphA1 typically exists as a tetramer?,
while many ATP-grasp domain enzymes, to which the
G domain of CphA2 is evolutionarily related, form
dimers (e.g. D-Ala-D-Ala ligase®*) or tetramers (e.g.
glutathione synthetase®). In fact, CphA2 was
previously reported to exist as a multimer, although
its oligomeric state was not clear. Klemke et. al.
showed that the peak in size exclusion
chromatography (SEC) chromatograms of A.
variabilis and Cyanothece sp. CphA2 corresponded to
a trimer or tetramer®8. To determine whether CphA2
has a conserved oligomerization state, we performed
SEC experiments with the 9 enzymes we purified in
this study (Fig. 2C). Although the molecular mass of
each CphA2 protomer is very similar (71-74 kDa),
there were differences in the SEC elution profiles.
Seven of the enzymes eluted as species with a
molecular mass in the range 156-186 kDa. Although
these masses are somewhat higher than the
expected ~146 kDa for a dimer, higher oligomeric
states appear most unlikely for these variants. In

contrast, C. elsteri CphA2, which was the only



enzyme that was inactive in our biochemical assays, eluted as a major peak (~217 kDa) and a minor peak
(~460 kDa). It is possible that these peaks represent a trimer (expected at 219 kDa) and hexamer (438 kDa)
and that these oligomeric states are the reason no activity was observed from this enzyme. Stanieria sp.
CphA2, which is active, eluted as a single peak corresponding to ~536 kDa, between the sizes of a heptamer

and an octamer (511 kDa and 584 kDa)(Fig. 2C).

The crystal structure of CphA2

To understand how CphA2 recognizes and extends cyanophycin chains, and to help explain the
variable primer-dependence and oligomerization states we observed, we sought to determine crystal
structures of CphA2. All nine CphA2 enzymes used in the study could be crystallized under multiple
conditions, and datasets extending to between 4 and 2 A resolution were collected from crystals of six of
them. Unfortunately, analysis of the data sets almost always revealed major pathologies, the most common
being severe twinning, which precluded structure determination and/or model refinement. Eventually,
suitable crystals of the G. citriformis CphA2 enzyme were obtained. Combining data from two crystals gave
a dataset with which we could phase, model build and refine the structure with good statistics at 3.0 A
resolution (Supplementary Table 1).

CphA2 is, as expected, a three-domain protein, consisting of an N domain (residues 1-143),a G
domain (residues 144-470), and an M domain (residues 471-616). The N domain is nestled between the G
and M domains (Fig. 3A). The protein is dimeric, consistent with the SEC results for G. citriformis CphA2 and
most other CphA2s (Fig. 2C, Fig. 3B). The asymmetric unit contains one CphA2 protomer (Fig. 3A), with a
symmetry mate completing the dimer (Fig. 3B). The dimer interface, which is mainly formed by two G
domain helices (residues 189-213) and a loop (166-170), buries 1526 A? of surface area.

The structure of CphA2 shows clear similarities to, and differences from, CphA12. Superimposition
of CphA1 and CphA2 protomers shows the domains to be arranged in a similar way, with the N domain
shifted by ~24 degrees (Fig. 3C). CphA2 lacks a portion of CphA1l's Mcore (residues 644-723 in Synechocystis
sp. UTEX2470 CphA1 (SuCphA1)?) and the entire M4 lobe (SuCphA1 residues 724 to the C terminus). As a

consequence of these deletions, the ATP binding site of the M domain is completely missing. In addition,



A M domain many residues that are important for
cyanophycin binding to the M domain of CphA1
(for example T538, E533, R561 and S542 in
SuCphA1) are not conserved in CphA2. This is

consistent with CphA2 requiring only one active

N domain site, in the G domain, for dipeptide
polymerization, whereas CphA1l requires a
second active site in the M domain to ligate Arg
to the main-chain Asp residue. The dimer
interface we observe in CphA2 is similar to that
in CphA1, which is also largely formed by the
respective G domains. However, both possible
tetramerization interfaces observed in CphAl
enzymes? are missing in CphA2: CphA1 enzymes
have been observed to adopt two different
tetramer arrangements, with both tetramer
interfaces involving residues in the M domain.
Because its M domain is truncated, CphA2 lacks

these residues, and is unable to form these

contacts.

Structure and mutation of the N domain

Since the CphA2 structure confirms that

Figure 3. The crystal structure of G. citriformis CphA2. (A) View

of the CphA2 protomer, composed of 3 domains: the N domain the M domain was drastically altered and
(blue), G domain (orange) and M domain (green). (B) View of the
biological dimer of CphA2. (C) CphA2 is similar in architecture to inactivated over the course of evolution, we

the constituent dimer of a tetrameric CphA1l.

focused further analysis on the contributions of

the other domains to polymerase activity. The N domain of CphA2 has the same overall fold to that of

10



CphA1 N domains?. Each have central 5-stranded beta sheet backed by two long and three short helices,
although the lengths of the strands and positions of the smallest helices and loops differ (Fig. 4A, B). In
CphA2, the two long anti-parallel helices are a, (residues 103-122) and ay, (residues 128-141) (Fig. 4A).
Unlike the corresponding helices in CophA1 N domains, the surface of CphA2 a, and a, does not contain
many conserved charged residues (Fig. 4C). The conserved charged patches in CohA1 were shown to be
important for binding the growing cyanophycin polymer and their mutation drastically decreased CphAl
activity?, so we wondered whether these helices play a similar role in CphA2. G. citriformis CphA2 does
have several charged residues at positions roughly corresponding to those in CphAl,i.e. E108, D111 and
D115 on a,and R131, K134 and E137 on ay, (Fig. 4B). Of these, only D115 seems to be conserved (Fig. 4C).
To determine whether these residues were important for CphA2 activity, we created the two triple mutants
E108A-D111A-D115A (CphA2a.mut) and R131A-K134A-E137A (CphA2a,mut). CphA2a,mut displayed
similar activity to that of wild-type (WT) CphA2, while CphA2a.mut displayed substantially reduced activity
(Fig. 4D). However, the latter result is unlikely to be the direct consequence of abrogated cyanophycin
binding. The SEC elution profiles of CphA2aymut and WT CphA2 were similar, but CphA2a.mut eluted as a
single peak corresponding to a size of 573 kDa, close to the expected mass of an octamer (584 kDa) (Fig.
4E). This dramatic change in oligomerization state could be responsible for the observed loss in activity, for
example by steric occlusion of the active site. We therefore introduced single (E108A, D111A and D115A)
and double (E108A-D111A, E108A-D115A, D111A-D115A) mutations in helix o, to obtain CphA2 a, variants
that oligomerized normally (Fig. 4E). Activity assays revealed that E108A had similar activity to that of
wildtype. However, to our surprise, every single or double mutant that contained D111A or D115A
displayed ~50% higher activity than WT (Fig. 4D). Differential scanning fluorimetry (DSF) showed that all
enzymes have similar melting temperatures, suggesting no significant difference in stability (Sup. Fig. 2A). It
is unusual that we could identify mutants of the N domain that increased activity and but none (other than
the octameric CphA2a.mut) that reduced activity. This shows that if the N domain is involved in polymer
binding, it does so in a very different way to CphA1’s N domain. Another possibility is that the N domain is
important for solubility. Consistent with this hypothesis, attempts to express CphA2 variants of G.

citriformis and Tolypothrix sp. which lack the N domain (CphA2AN) did not produce protein under the

11



conditions used for WT expression. Conversely, constructs including only the N domains from these

enzymes yielded well behaved, soluble proteins (Sup. Fig. 2B).
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Figure 4. The N domain of CphA2. (A) The CphA2 N domain has two long antiparallel helices, o, and a, supported by a central B-
sheet and smaller helices. Several non-conserved charged residues on the surface of these two helices are highlighted. (B) Overlay
of CphA2 (blue) and SuCphA1 (gray) N domains. The two domains have the same B-B-a-a-a-B-B-a-a fold. The conserved charged
residues of CphA1 and non-conserved charged residues of o, and a, CphA2 are highlighted. (C) Weblogo*® showing conservation of
CphA2 a,and a,. Among the charged residues on the surface of these helices in G. citridormis CphA2, only D115 is clearly
conserved. (D) Activity assays of G. citriformis N domain mutants. The triple-mutant R131A K134A E137A displayed similar activity
to that of WT. The triple mutant E108A D111A D115A displayed much lower activity rate. Additionally, every mutant containing
either D111A or D115A displayed a higher activity rate than WT. All experiments were carried out in quadruplicate. Bar height
represents the mean value of the maximal activity rate and error bars show the standard deviation. (E) SEC chromatograms of G.
citriformis CphA2 N domain mutants. All mutants migrated similarly to WT, except for the triple-mutant EI08A D111A D115A,
which had a peak corresponding to ~573kDa, close to the size of an octamer (584kDa). All peaks were normalized to the maximal
peak height.
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Structure and mutation of the G domain

The G domain of CphA2 is composed of a main body (Geore, residues 144-218, 284-307, 383-470)
and two flexible lobes: Gji4 (residuse 219-283) and Gomega (residues 308-382) (Fig. 5A). Gjiq does not make
crystal contacts and has poorer electron density and higher B-factors than other parts of the enzyme. This
Giiq flexibility is conserved among ATP-grasp enzymes and is believed to be important for activity?®. G
contains the flexible P-loop present in all ATP-grasp enzymes® %’ (Fig. 5A), and the conserved H247, which
is also present in most CphAls, is centrally positioned in the CphA2 P-loop. Gomega has only been previously
observed in the structures of CphA1 and a bifunctional glutathione synthetase?®, and contains the "large
loop"?° typical for ATP-grasp enzymes (Fig. 5A). The density and B-factors of Gomega also suggest the
presence of some flexibility, although not as extensive as in Gjig.

Gomega and its large loop, are thought to be important for binding and recognition of the incoming
substrate3. The large loop (CphA2 374-381) and an adjacent loop (CphA2 328-340) are present in both
CphA1 and CphA2, but differ in sequence and structure (Fig. 5B), in accordance with differing substrate
identity (Asp vs B-Asp-Arg; Fig 1A, Sup. Fig. 4A). The large loop forms a putative substrate binding pocket
near the G domain active site that is capped by the adjacent loop (Fig. 5B). Mutation to alanine of the
highly conserved T335, T337 or S338 all lead to large decreases in activity (Fig. 5C), consistent with a role in
B-Asp-Arg recognition for this region of Gomega. We then asked if transplanting Gomega from CphA2 onto a
CphA1 would confer B-Asp-Arg recognition capabilities to the CphAl enzyme. We created a chimeric
protein containing Gomega from G. citriformis CphA2 and all other (sub)domains from Tatumella morbirosei
DSM23827 CphAl. However, while the resulting chimeric protein, TmCphA2lacit-omega, cOUld be produced and
purified in soluble form, it displayed neither CphA1 nor CphA2 activity.

To attempt to visualize how CphA2 binds cyanophycin, we crystallized the enzyme in the presence
of short polymer segments. However, datasets collected from crystals that were either soaked or co-
crystallized with 5 mM ADP or ATP and 1 mM of either (B-Asp-Arg)s or (B-Asp-Arg), did not show extra

density near the active site that we could confidently attribute to cyanophycin. This is likely because
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tartrate was present at very high concentration (200 mM) in the crystallization buffer. Indeed, strong
density was visible in maps of the unliganded CphA2 near the G domain active site, where cyanophycin is
expected to bind. Two tartrate molecules were fit into this density (Sup. Fig. 3A).

Despite being unable to co-crystallize CphA2 with substrate, insight into cyanophycin binding could
be gained by superimposing CphA2 with SuCphA1 in complex with ADPCP and (B-Asp-Arg)s-NH> (Fig. 5B, D)
and mutagenizing presumed contacts. In CphA1l, recognition of cyanophycin by the G domain is achieved
through interactions with several conserved residues on the surface of Geore. Notably, the structure and
sequence show that the conserved residues involved in cyanophycin binding by G domain of CphA1l are
conserved in CphA2 as well. G. citriformis CphA2 should thus bind the reactive C-terminal carboxylate of
cyanophycin through interaction with R292 (SuCphA1 R309), the first B-Asp-Arg dipeptide with T200 and
N435 (SuCphA1 C218 and N452), the second B-Asp-Arg dipeptide with $148 and T186 (SuCphA1 S166 and
T204), and the third with S149 (SuCphA1 T167)(Fig. 5D). We tested these predictions by mutating R140,
S148, 7186, D197 or R292 to alanine, and found that the mutants displayed reduced (R140A, T186A) or no
(S148A, D197A, R292A) activity (Fig. 5E), supporting the hypothesis that CphA2 binds cyanophycin much
like CphA1l does. The deleterious effects of increasing ionic strength (Fig. 1E, F) underscore the importance

of electrostatic interactions for substrate binding to the enzyme.
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Figure 5. The G domain of CphA2. (A) The structure of the G domain, colored by subdomains: Gcore (0range), Giig (brown) and Gomega
(yellow). (B) Overlay of CphA2 (colored) and cyanophycin-bound SuCphA1 (gray) G domains. The overall structures are very similar,
with the main differences arising from small conformational variation between the flexible lobes Giig and Gomega, Which are likely
influenced by crystal packing. Conserved loop residues which could are shown as yellow sticks. (C) Mutation of those conserved
loop residues decreases CphA2 activity. (D) A close-up view of the G domain active site of CphA2 (colored) and SuCphA1l with
bound cyanophycin (gray). Conserved cyanophycin binding residues of both enzymes are highlighted. These residues are very
similar in CphA1 and CphA2, suggesting that both enzymes bind cyanophycin polymer / primer in a similar way. (E) Activity assays
of G. citriformis CphA2 G domain mutants. Mutations of several conserved residues that potentially bind cyanophycin resulted in
decreased or abolished activity.

Finally, we used the structure to better understand CphA2's primer dependence. G. citriformis
CphA2 displays no primer-independent activity despite having the highest primer-dependent activity (Fig.
2A). We reasoned that increased interactions with the primer terminus could enable a single dipeptide to

be used for initiation of synthesis. We therefore examined the residues around the active site of the G
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domain that would likely contact a cyanophycin primer, and looked for differences between G. citriformis
and other CphA2 enzymes that displayed primer independent activity. Hydrophobic residue L196 of G.
citriformis CphA2 is adjacent to the binding site of what would be the first dipeptide of a cyanophycin
primer (Fig. 5D), and this position is occupied by a serine in CphA2 enzymes that were capable of primer-
independent synthesis. This serine might form a hydrogen bond with the guanidinium group of the first B-
Asp-Arg dipeptide, which could stabilize binding of that B-Asp-Arg dipeptide and allow proper positioning
for the first amide bond synthesis. Indeed, introduction of the L196S mutation into G. citriformis CphA2
afforded primer-independent activity similar to that of other CphA2 enzymes (Fig. 2B), demonstrating the
importance of this interaction for the binding of B-Asp-Arg as the carboxylate donor in the absence of

longer primers.

Model of cyanophycin biosynthesis by CphA2

The structural and biochemical data suggest that cyanophycin polymerization by CphA2 proceeds
by a simple process. An existing polymer chain binds at the G domain active site through its three C-
terminal dipeptidyl residues. The C-terminal carboxylate is phosphorylated and then extended by one
dipeptide in the same way other ATP-grasp enzymes perform ligation3!. The elongated polymer likely then
dissociates from this product position and re-associates, placing the newly added 3-Asp-Arg in the
substrate position. A dissociation/re-association mechanism appears more likely than a smooth shift or
slide of the polymer, because the transition between substrate and product binding modes would require
extensive rearrangements of the orientations and conformations of the terminal three dipeptide residues,
and it is not clear that polymer binds to other parts of CphA2. It is possible that general electrostatic
interactions help keep the polymer in the vicinity of CphA2 during dissociation and reassociation.

The N domain of CphA1 tethers the polymer to the enzyme, but our data are not definitive as to
whether the N domain of CphA2 does so. Two mutations in the CphA2 N domain increased rate of
synthesis, but we found no mutation in the N domain that decreases activity by directly disrupting an N
domain — cyanophycin interaction (i.e. without changing oligomeric state). If the CphA2 N domain is

involved in polymer binding, its mode of interactions seems to be distinct from that in CphA1l. The CphA1 N
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domain allows the end of the nascent polymer to transition between the two active sites; perhaps such a
role is less important in an enzyme with one active site. Our data do indicate that the N domain is
important for the stability of CphA2, and its mutation can influence activity by altering its oligomeric state,
perhaps by blocking access to the active site within higher-order oligomers. This is hinted at by twinned
structures of other homologs that could be phased but not refined to an Reee below ~40%, where the G
domain active site is blocked by an interaction with an N domain from a symmetry mate. It is conceivable
that cyanobacteria could take advantage of the link between activity and oligomeric state to regulate
CphA2 activity in vivo.

CphA2 is clearly most active when a primer is provided, but some CphA2 enzymes can synthesize
cyanophycin in the absence of primer (or, more precisely, using a single B-Asp-Arg dipeptide as primer). We
found no correlation between the relative rates of the primer-dependent and primer-independent
activities of different CphAs, suggesting that the mechanisms controlling primer binding and rate of
catalytic activity are not identical. Differences in binding of incoming substrate dipeptide or in sequence
and flexibility of the in Gomega and Gjig could influence Vmax in CphA2 enzymes. Nonetheless, that a single
mutation in a primer-binding residue was sufficient to allow G. citriformis CphA2 to synthesize CphA2 in the
absence of primer, confirms that affinity for B-Asp-Arg dipeptide “primer” can be limiting for synthesis in
vitro. Because the primer-independent activity is low (or absent) in all enzymes assayed, and because
CphA2 will likely have existing cyanophycin chains to use as primer in vivo, primer independence is likely
not important for the enzyme's activity in cyanobacteria, but it could be useful for biotechnological

applications.

Methods

Cloning, protein expression and purification

The gene encoding CphA2 from Anabaena sp. UTEX2576 (from genome NC_003272.1, encoding protein
WP_010994749.1) was cloned from genomic DNA (purchased from the University of Texas (UTEX)
collection). Other cphA2 genes were codon optimized for expression in E. coli and synthesized by BioBasic

Canada (Stenomitos frigidus ULC18, Stanieria sp. NIES3757 and Tolypothrix sp. NIES4075) or by the US
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Department of Energy Joint Genome Institute (Anabaena variabilis PCC7120, Calothrix elsteri CCALA953,
Gloeothece citriformis PCC7424, Leptolyngbya boryana NIES2135 and Mastigocladus laminosus UU774). All
genes were cloned into pJ411-derived plasmids encoding C-terminal tobacco etch virus (TEV) protease
recognition sites and an 8xHis affinity tag by transforming DH5-a E. coli cells with PCR fragments containing
overlapping ends. All proteins were expressed in BL21(DE3) E. coli. Cells were grown in TB media
supplemented with 150 pug/ml kanamycin at 37 °C until they reached an ODggo of ~1. At this point, the
culture temperature was lowered to 18 °C, protein expression was induced with 0.2mM isopropyl B-d-1-
thiogalactopyranoside (IPTG) and the cultures were then incubated for ~20 hours before harvesting. All
protein purification steps were carried out at 4 °C. Following centrifugation, the cells were resuspended in
buffer A (250 mM NaCl, 50 mM Tris pH 8, 10 mM imidazole, 2 mM B-mercaptoethanol) supplemented with
a few crystals of lysozyme and DNAsel and lysed by sonication. The lysate was clarified by centrifugation at
40,000 g, and then loaded onto a 5 ml HisTrap HP column (Cytiva), washed with at least 30 column volumes
of buffer B (buffer A with 30 mM imidazole) and eluted with buffer C (buffer A with 250 mM imidazole).
The proteins were then incubated with TEV protease (1:10 ratio by mass) for removal of the 8xHis tag while
being dialyzed overnight against buffer D (250 mM NaCl, 20 mM Tris-HCI pH 8, 3 mM B-mercaptoethanol)
prior to being applied to a HisTrap column again. The flow through was concentrated using 100 kDa
molecular weight cut off Amicon centrifugation concentrators (EMD Millipore) and applied to a Superdex
200 16/60 column (Cytiva) equilibrated in buffer E (100 mM NaCl, 20 mM Tris-HCl pH 8, 1 mM
dithiothreitol). Fractions with the highest protein purity were pooled and concentrated to 20 mg/ml, and
following the addition of glycerol to 10% v/v the protein was flash frozen in liquid nitrogen and stored at -

80 °C until use.

Protein crystallization, data collection and structure solution

Protein crystals were grown using the sitting drop method at 22 °C. G. citriformis CphA2 in buffer E at a
concentration of 12.5 mg/ml was mixed with 1:5 v/v of 15 mM FOS-choline-12, resulting in a protein
concentration of 10 mg/ml. Samples (2 pl) were mixed with 1.6 pl of well solution (0.1 M Tris-bicine pH 8.5,

8.8% w/v PEG8000, 17.6% v/v ethylene glycol, 60 mM MgCl,, 200 mM Na/K tartrate, 5 mM betaine and 3%
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v/v 2,2,2-trifluoroethanol) and 0.4 ul 100 mM NiCl,, and allowed to equilibrate against well solution. Once
the crystals reached their final size, they were dehydrated for 24-48 hours by replacing the well solution
with 0.1 M Tris-bicine pH 8.5, 16% w/v PEG8000, 32% v/v ethylene glycol, 60 mM MgCl,, 200 mM Na/K
tartrate, 5 mM betaine and 3% v/v 2,2,2-trifluoroethanol prior to looping and flash cooling in liquid
nitrogen. Data were collected at the Canadian Light Source beamline CMCF-BM and processed using
DIALS*2. The structure was solved using an ensemble of the 3 known CphA1 structures? as a search model
using PHASER implemented in CCP4i233, and refined using Rosetta3*, LORESTR®®, Phenix refine®® and Coot?’.

Figures were created using PyMOL.

Size exclusion chromatography

SEC experiments were performed using a Superdex 200 increase 10/300 gl column (Cytiva) equilibrated in
buffer E, running at 0.5 ml/min and an injection volume of 150 pl. The column's elution volumes were

calibrated using an HMW standard (Cytiva).

CphA2 activity assays

Reactions contained 2 uM purified CphA2, 100 mM HEPES pH 8.2, 40 mM KCl, 10 mM MgCl,, 2 mM each of
B-Asp-Arg and ATP, and 50 uM synthetic cyanophycin primer. NaCl was also added in some experiments as
indicated. The reactions were carried out in quadruplicate at 23 °C, in 96-well plates with a total reaction
volume of 100 pl. ODgoo Was monitored using a SpectraMax Paradigm spectrophotometer (Molecular
Devices), with 5 second linear shaking between reads. Typical reaction times were about 1 hour. Data were
analyzed using GraphPad Prism. To calculate activity rates, the maximum of the first derivative of each
ODsoo curve was taken. The derivatives curves were smoothed with a 2" order polynomial to reduce noise

in measurements.

Synthesis of cyanophycin segments

Solid phase synthesis was used for the synthesis of all molecules using Fmoc-(3-Asp-Arg)(OtBu)-OH as

building blocks in a manner similar to that previously described?® 383°,
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Differential scanning fluorimetry (DSF)

DSF assays were performed with 0.5mg/ml protein in buffer E and 5x Sypro™ Orange in a total reaction
volume of 20 pl. The temperature was ramped from 5 °C to 95 °C over 2 hours and data were collected

using a One Step Plus RT-PCR (Applied Biosystems).
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