
fit the activation of eukaryotic cyclic

nucleotide-regulated channels (Ulens

and Siegelbaum, 2003). Instead, the

difference likely stems from the fact

that the X-ray structure was solved

from an isolated fragment of the chan-

nel, a fragment that likely formed a

nonphysiological arrangement in the

crystal.

Determining the biological unit—the

physiological arrangement of sub-

units—in a crystal is not a trivial matter.

There is no a priori way of knowing

which intermolecularcontactsarephys-

iological and which are a product of

crystal formation. This is particularly

problematic for protein fragments. In

MloK1, it seems that, without a C-

linker, the transmembrane domains

are necessary to ensure the correct

physiological arrangement of the sub-

units.

Over and above the results, the work

by Chiu et al. (2007) demonstrates the

power of EM to solve intractable struc-

tural problems. EM studies can help

elucidate the structures of full-length

proteins and protein complexes that

have been difficult to solve with X-ray

crystallography. EM also can capture

proteins in different conformational

states, which opens the window for

studies on dynamic structural rear-

rangements—arguably the future of

biochemistry. Improvements in EM

will lead only to more beautiful struc-

tures. And joined with X-ray crystallog-

raphy, we should expect new and tan-

talizing insights into the structures of

notoriously difficult proteins. A combi-

nation of approaches always leads to

a more robust understanding of the

microscopic world.
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In an elegant study in this issue of Structure, Balbo and Bohm (2007) report the crystal structure of
yeast poly(A) polymerase in a ternary complex with its substrate MgATP and the elongating poly(A)
tail, providing molecular insights into the mechanism of polyadenylation.
Most eukaryotic mRNA precursors

(pre-mRNAs) must undergo extensive

processing before they can be ex-

ported from the nucleus to the cyto-

plasm and translated into proteins. At

the 30 end, the pre-mRNA is cleaved

at a specific location and a polyadeny-

late tail (poly(A) tail) of about 200–300
1024 Structure 15, September 2007 ª20
nucleotides is added. A large complex

of more than 15 proteins is required

for this 30-end processing. It has been

known for over thirty years that poly(A)

polymerase (PAP, Pap1p in yeast)

catalyzes the addition of the poly(A)

tail (Edmonds, 2002). PAP belongs to

the DNA polymerase b superfamily of
07 Elsevier Ltd All rights reserved
enzymes, but does not require a tem-

plate.

Earlier structural studies of yeast

and mammalian PAP free enzyme

and complex with MgATP and dATP

show that the enzyme contains three

domains: N-terminal domain, middle

domain, and C-terminal domain

mailto:ltong@columbia.edu
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Figure 1. A Model for the Catalytic Cycle of Poly(A) Polymerase
The free enzyme exists in an open form. Upon binding both substrates (in random order), the
enzyme undergoes a conformational change to the closed form, where catalysis occurs. After
catalysis, the enzyme returns to the open form to release the products. The two metal ions
(Mg2+ or Mn2+) in the active site are shown as gray spheres.
(Figure 1) (Balbo et al., 2007; Bard

et al., 2000; Martin et al., 2000, 2004).

The active site, with two divalent cat-

ions, is located at the bottom of a large

cleft between the N- and C-terminal

domains, near the interface between

the N-terminal and middle domains.

Structural and biochemical data hint

that PAP is an induced-fit enzyme

(Balbo et al., 2005, 2007). However,

the molecular mechanism of polyade-

nylation is still poorly understood, as

the structure of PAP in a ternary com-

plex with MgATP and the elongating

poly(A) tail is not available.

In this issue of Structure, Balbo

and Bohm report that they have suc-

ceeded in determining the structure

at high resolution (1.8 Å) of such a ter-

nary complex (Balbo and Bohm, 2007).

To prevent the enzyme from turning

over the substrates, the authors mu-

tated the crucial Asp154 residue to al-

anine in the active site of yeast Pap1p,

and this clever trick enabled them to

trap the enzyme in the ternary com-

plex. A five-residue oligoadenylate RNA

molecule was used to mimic the elon-

gating poly(A) tail of the pre-mRNA,

and the crystallographic analysis

showed that only its last three residues
(A�3-A�2-A�1) are highly ordered. The

structure therefore suggests that PAP

can meaningfully interact with only

the incoming MgATP molecule and

the last three residues in the elongat-

ing poly(A) tail, consistent with earlier

biochemical data (Zhelkovsky et al.,

1998).

The structure of the ternary complex

reveals Pap1p in its most closed form

observed so far, with a large move-

ment of the N-terminal domain relative

to the other two domains (Figure 1).

There are now some direct contacts

between the N- and C-terminal do-

mains in this closed form, burying

about 360 Å2 of the surface area, and

the active site cleft has been reduced

to an active site tunnel. MgATP is

bound at one end of the tunnel, and

the poly(A) tail enters the tunnel from

the opposite face of the enzyme. This

tunnel is larger than the substrates,

as it also contains a large number of

ordered solvent molecules. The last

three residues of the poly(A) tail as-

sume an extended conformation. Their

bases are completely buried by the en-

zyme but are located far away from

each other. Many of the polar interac-

tions between Pap1p and the poly(A)
Structure 15, September 2007 ª2
are mediated by waters, and the three

adenine bases are not specifically rec-

ognized by the enzyme. This is consis-

tent with the biochemical requirement

that PAP has to initiate poly(A) synthe-

sis at freshly cleaved pre-mRNA 30

ends, which generally do not have

poly(A) sequences. On the other hand,

the 20 hydroxyl group at the �1 and

�2 positions of the poly(A) is hydro-

gen-bonded directly to the enzyme,

explaining PAP’s preference for RNA

substrates.

The 30 hydroxyl group of the last res-

idue (A�1) in the poly(A) is positioned

only 3.2 Å from the a-phosphorus

atom of MgATP, in the correct position

for initiating the adenylation reaction.

Therefore, mutation of the Asp154 res-

idue may not have seriously affected

the substrate binding modes.

Given that PAP does not specifically

recognize the poly(A) tail, the fact that

it predominantly synthesizes poly(A)

sequences must reside in the recogni-

tion of the incoming MgATP substrate.

Here the studies of Balbo and Bohm

provide a somewhat unexpected

answer. While the adenine base of

MgATP is p-stacked with that of the

last adenylate in the poly(A), it is not

specifically recognized by the enzyme

as there are no direct hydrogen bonds

to its N1 or N6 atoms. Instead, the

specificity appears to be determined

by several indirect factors:

(1) The p-stacking interaction fa-

vors purine over pyrimidine

nucleotides. This explains the

biochemical observations that

MgCTP is a poorer substrate

than MgATP, and that replace-

ment of the last residue of the

poly(A) by a C reduced the cat-

alytic efficiency 10-fold (Balbo

et al., 2005). Freshly cleaved

pre-mRNAs generally have an

A at the 30 end.

(2) Discrimination between MgATP

and MgGTP may be due in part

to disruption of the water-medi-

ated hydrogen-bonding net-

work, and the fact that the C2

atom of adenine is placed close

to the enzyme and it may not

be able to accommodate the

2-amino group of guanine. How-

ever, kinetic data show that
007 Elsevier Ltd All rights reserved 1025
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the discrimination against

MgGTP is due primarily to its

400-fold lower Vmax value, while

its Km is similar to that for

MgATP.

(3) The induced-fit behavior of PAP

may play a more important role

in defining the nucleotide spec-

ificity. Detailed analyses of ki-

netic data on wild-type Pap1p

and several mutants distributed

around the active site region,

together with the structural

data, led to an overall model

for polyadenylation (Figure 1).

The enzyme exists in an open

form in the absence of sub-

strates. Upon binding of

MgATP and poly(A) (in random

order), the enzyme undergoes

a large conformational change

to the closed form, which allows

the adenylation reaction to oc-

cur. After catalysis, the enzyme

returns to the open form and re-

leases the products. In compar-
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Multiple crystal structures of the
structure and disorder. In this issu
fragments’’ are distinct from both

Current biochemistry textbooks dis-

cuss the typical functions of globular

proteins in terms of ‘‘lock and key’’

and ‘‘induced fit’’ models. The lock and

key model depends on a structured

protein with a rigid binding site, while

the original induced fit model was

described in terms of a structured pro-

tein with a flexible binding site that un-

dergoes conformational change upon

interaction with its ligand. Induced fit

was later extended to include binding

site changes resulting from domain

1026 Structure 15, September 2007 ª200
ison, the open form is more sta-

ble in the ternary complex with

MgGTP and poly(A), thereby

making MgGTP a much poorer

substrate and contributing to

the nucleotide specificity of the

enzyme. Mutations can directly

affect substrate binding and/or

indirectly affect the equilibrium

between the open and closed

forms of the enzyme.

The studies by Balbo and Bohm

(2007) provide a clearer view of the

structural basis of polyadenylation

and also point to directions for further

studies on this important enzyme. A

catalytic residue is mutated to obtain

the current structure, and only one

Mg2+ ion is present in the active site.

Therefore, the detailed chemical

mechanism of the catalysis is not

known. Also, it will be important to

completely understand why MgGTP

cannot induce the closure of the active

site. Finally, PAP functions as part
into Disordered P

informatics, Indiana University School of Me
dianapolis, IN 46202, USA

same proteins often have specifi
e of Structure, Zhang et al. (2007) s
structured and disordered protein

shifts. For both the lock and key and

the induced fit models, the formation

of protein 3D structure is a prerequisite

to function and can be described as

the sequence / structure / function

paradigm.

While still not discussed in biochem-

istry textbooks, another model for

globular protein function has been in

the focus of active theoretical and ex-

perimental research for a long time.

In this alternative model, the protein

starts as an interconverting ensemble

7 Elsevier Ltd All rights reserved
of a large protein machinery in pre-

mRNA 30-end processing, and the mo-

lecular mechanism for how other pro-

tein factors in this complex regulate

PAP activity remains to be elucidated.
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c regions that switch between
how that these ‘‘dual personality

and are functionally important.

under physiological conditions, a

state that has been called ‘‘natively un-

folded’’ (Weinreb et al., 1996), ‘‘intrinsi-

cally unstructured’’ (Wright and Dyson,

1999), and ‘‘disordered’’ coupled with

various adjectives. Different functions,

such as molecular recognition, occur

as the disordered protein undergoes

coupled binding and folding.

A number of prior studies focused on

the prediction of disordered regions in

a protein (Ferron et al., 2006). Within

a given protein sequence, local
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