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Abstract

The nearly ubiquitous bacterial second messenger cyclic di-GMP is involved in a multitude of
fundamental physiological processes such as sessility/motility transition and the switch between
the acute and chronic infection status, combined with cell cycle control. The discovery of cyclic
di-GMP, though, has been an example par excellence of scientific serendipity. We reiterate here its
years-long discovery process as an activator of the cellulose synthase of the environmental
bacterium Komagataeibacter xylinus and its consequences for follow-up research. Indeed, the
discovery of cyclic di-GMP as a a ubiquitous second messenger contributed to the change in
perception of bacteria as simple unicellular organisms just randomly building-up multicellular
communities. The discovery of cyclic di-GMP also paved the way to the identification of other
pro- and eukaryotic cyclic dinucleotide second messengers.

It has now been thirty years since Moshe Benziman and his group published their seminal
Nature paper on the identification of the long-sought activator of the bacterial cellulose
synthase as the cyclic dimeric (3" —5") guanosine monophosphate (cyclic di-GMP) [1].
That paper signified the end of the long search for a low-molecular weight activator of /n
vitro cellulose biosynthesis, and, at the same time, marked the beginning of an entirely new
area of research into the cellular role(s) of cyclic di-GMP and mechanisms of its action. The
history of the discovery of cyclic di-GMP has been described in detail in several publications
[2,3,4]. Here we present just a brief synopsis of this remarkable story that puts the current
studies of cyclic di-GMP in a context.

Cellulose, poly-p-(1—4)-D-glucose, is probably the most abundant biopolymer on this
planet. It is the key component of plant cell walls and has found numerous uses as firewood,
lumber, paper, and sewing material [5]. In 1886, British scientist Adrian Brown showed that
cellulose could be synthesized by certain bacteria [6]. In fact, plant cellulose synthase most
likely has bacterial origin and was inherited by ancient plants from the cyanobacterial
ancestors of their chloroplasts [7,8,9]. The process of cellulose biosynthesis by plants has
long remained enigmatic and is still not fully understood. Accordingly, bacterial
biosynthesis of cellulose, more amenable to experimental research, has been intensively
studied throughout the 20t century. Some of such studies have been conducted in 1930s and
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1940s at the Hebrew University of Jerusalem by Manfred Aschner (1901-1989) and Shlomo
Hestrin (1914-1962) using the alpha-proteobacterium Acetobacter xylinum (current name,
Komagataeibacter xylinus), which is an effective producer of pure microcrystalline cellulose
fibers [10,11]. These studies were subsequently continued by Moshe Benziman (1928-2003)
and his group [2].

The basic biochemistry of cellulose biosynthesis in algal, plant, and bacterial cells has been
resolved by mid-1970s. It had been shown that the whole process begins with the glycolytic
intermediate glucose-6-phosphate, which gets isomerized to glucose-1-phosphate.
Glucose-1-phosphate then reacts with UTP, forming uridine-5’-diphosphate-a.-D-glucose
(UDP-glucose). UDP-glucose serves as a substrate for the membrane-bound cellulose
synthase, which produces cellulose by transferring glucosy! residues from UDP-glucose to
the growing p-D-1,4-glucan chain [12]. However, while whole cells of K. xy/inus
demonstrated robust production of cellulose, all attempts at purification of the active
cellulose synthase were unsuccessful [3]. Even partly purified membrane fractions retained
only about 0.2% of the cellulose synthase activity of the whole cells [12]. It was clear that
the enzyme required membrane-bound and soluble component(s) to be active.

Benziman's group embarked on a long search for the conditions that would allow
purification of an active enzyme. One milestone in this quest was the discovery of a specific
activation of the enzyme fraction by micromolar amounts of GTP (K, = 34 uM). To their
surprise, a GTP analog guanosine 5’-[gamma-thio]triphosphate (GTP+yS, which cannot be
hydrolyzed to GDP and P;) also proved to be an even more effective stimulator than GTP
with an even lower (K, = 17 uM). With the exception of these two, no other nucleotide or
nucleotide derivative could serve as an effective activator of cellulose synthase [13].
Importantly, GDP, GMP, cGMP, guanosine 5’-[y-thio]diphosphate and guanosine 5-[(B,y-
imino]triphosphate were completely inactive. These observations suggested that the actual
activator could be some derivative of GTP.

Further, activation by GTP could only be seen in the membrane fraction obtained in the
presence of 20% polyethylene glycol (PEG-4000). It became clear that GTP interacted with
some additional protein factors that were associated with the membrane-bound cellulose
synthase only in the presence of PEG-4000. The presence of this protein factor and GTP
activated cellulose synthesis almost 200-fold and achieved the rates that were as much as
40% of those obtained with whole cells [13]. Armed with this understanding, Aloni and
colleagues succeeded in solubilizing the active cellulose synthase complex. The digitonin-
solubilized enzyme still contained the GTP-interacting protein, still retained its capability to
respond to GTP, and had essentially the same catalytic and regulatory properties as the
membrane-bound form [14].

The next step was to characterize the GTP-binding protein and figure out whether it was an
enzyme. This protein was found to bind to an agarose-hexane-GTP column and could be
eluted by GTP. It was shown that this protein indeed acted on GTP, converting it to some
guanine-containing activating factor. This factor was a low molecular mass, heat-stable
compound that could be radioactively labeled when derived from [8-3H]GTP and
[a-32P]GTP but not from [y-32P]GTP. In the presence or absence of this compound, GTP,
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GDP, GMP, cGMP, ppGppp, GppppG, GpppppG, and guanosine 3’-diphosphate-S-
diphosphate were all checked for their ability to stimulate cellulose synthase activity. Neither
of them showed any effect, indicating the activating factor was a previously unknown
guanylate derivative [15]. Using chemical analysis, the relative ratios of guanine, ribose and
phosphate in this molecule were shown to be 1:1:1, whereas enzymatic analysis suggested
the presence of 2'-5" or 3’-5" phosphodiester bonds. So, while its precise structure
remained to be determined, the activating factor emerged as a cyclic nucleotide composed of
GMP residues with 2°-5" or 3’-5” phosphodiester linkages [15].

In their final effort to characterize the activator molecule, Benziman and colleagues used
DEAE-Sephadex chromatography to show that the analyzed compound consisted of no more
than two GMP moieties, whereas its sensitivity to T1 endonuclease indicated that these two
GMP moieties were linked by a 3’-5’phosphodiester bond. Mass-spectroscopic
measurements estimated the molecular weight of this compound to be 690, which
corresponded to the molecular weight of a cyclic diguanylic acid. Finally, the chemically
synthesized cyclic bis(3'—5") diguanylic acid was shown to stimulate cellulose synthase
activity and have the same properties as the native activator in a variety of chemical and
enzymatic tests [1].

Curiously, despite its importance and novelty, the Nature paper by Ross and colleagues
reporting the identification of cyclic di-GMP as the activator of cellulose synthase [1] has
not attracted much attention. In the 12 years, from 1987 till 2000, cyclic di-GMP has been
mentioned in only 10 papers, all but one of which came from the Benziman's laboratory.
Intriguingly though, these papers addressed several of the fundamental questions in cyclic
dinucleotide second messenger signaling, equally important and still unresolved today.
Benziman and his close collaborators touched upon the generality of cyclic di-GMP
signaling in bacteria by demonstrating activation of a cellulose synthase in an a-
proteobacterium different than K. xy/inus[16], see also [17];identification of diguanylate
cyclases and phosphodiesterases [18], see [19,20]; the presence of a second unrelated
phosphodiesterase to break down pGpG [1], see [21,22], and took up the quest for the
determination of the molecular basis of the enzymatic activity of cyclic di-GMP turnover
proteins [23]. Equally important, determination of the cyclic di-GMP concentration in the
bacterial cell [24,25] and the nonlinear correlation between cyclic di-GMP concentrations
and physiological output [18,26] came up in the course of the analysis of regulation of
cellulose biosynthesis by three different diguanylate cyclases in K. xy/inus. Furthermore, the
biological impact of chemically synthesized cyclic di-GMP analogues was tested [27,28,29]
and screens for inhibitors of cyclic di-GMP diguanylate cyclases were initiated [30,31]. Last,
but not least, interkingdom crosstalk of cyclic di-GMP was addressed [32,33,34] among
other issues.

In this century, however, the situation has changed dramatically (Fig. 1). Based on
independent observations around the beginning of the century [35,36,37,38], Benziman's
legacy left the identification of GGDEF and EAL domains as diguanylate cyclases and
phosphodiesterases [36,39,40,41], signals that regulate cyclic di-GMP turnover proteins
[42], cyclic di-GMP receptors [43,44], and the widespread physiological impact of the
ubiquitous second messenger cyclic di-GMP as a major sessility/motility life style, infection
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style and cell cycle regulator in Bacteria [45,46,47]. to be discovered by others.
Unfortunately, and perhaps to his personal disappointment, Benziman's work could not
achieve his other goal—to find a way to regulate and enhance cellulose biosynthesis in
plants. As we know today, plant cellulose synthases do not require allosteric regulation by
cyclic di-GMP [9].

The GGDEF and EAL domains that had been discovered by Benziman and coworkers in the
diguanylate cyclases and phosphodiesterases involved in cyclic di-GMP turnover [18], have
been found in multiple copies a variety of diverse bacteria [48,49,50]. Accordingly, cellulose
biosynthesis has been detected in a wide variety of bacteria, including model organisms
Escherichia coliand Salmonella typhimurium [51,52]. 1t soon became clear that, along with
curli fimbriae, cyclic di-GMP-regulated cellulose production plays a key role in biofilm
formation their pathogenic relatives from Escherichia, Salmonella, Citrobacter,
Enterobacter, and Klebsiella genera [53]. These findings opened the flood gates, with
hundreds of papers on cyclic di-GMP published every year (Fig. 1).

Although several cyclic di-GMP binding mechanisms had already been detected [54], it has
taken much longer to uncover the exact mechanism of cellulose synthase activation by cyclic
di-GMP, even after the identification of the cyclic di-GMP-binding PilZ domain at the C-
terminus of the membrane-bound cellulose synthase subunit BcsA [43,55]. Only after the
elucidation of the crystal structure of the bacterial cellulose synthase complex [56], it
became clear that it contains a conserved gating loop that blocks access of UDP-glucose to
the active site. Upon cyclic di-GMP binding to the PilZ domain, the gating loop moves away
from the active site cleft and allows the proper functioning of the enzyme [17]. The
discovery of cyclic di-GMP was subsequently followed by the serendipitous detection of
prokaryotic cyclic di-AMP and cyclic GAMP, two more cyclic dinucleotides with distinct
physiological roles and phylogenetic distribution [57,58]. Intriguingly, although synthesized
by distinct enzyme families, these cyclic dinucleotides seem to be connected through
enzyme promiscuity as variants of cyclic di-GMP synthesizing GGDEF domain proteins
have recently been shown to produce cyclic GAMP [59]. Of note, the eukaryotic version of
cyclic GAMP synthase seems to be a central component of the innate immune surveillance
system [60,61]. Finally, to close the circle, cyclicyclic di-GMP has even reached the
eukaryotic world to be involved in cell differentiation in the social amoeba Dictyostelium
discoideum [62]. We will curiously await the next surprises that this signaling molecule will
provide for us
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Figure 1.
The history of the c-di-GMP field in publications. The number of papers containing the

word "di-GMP” or "diGMP” or "cyclic diguanylate” in PubMed are plotted over time, from
1987 to 2016.
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