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Neutron diffraction studies on rubredoxin phosphate (equimolar NgiRO,/K;HPOy) as the precipitant (Baet

from Pyrococcus furiosus al., 1998; Kuriharaet al, 2001, 2003). Neutron data collection on
the wild-type protein using the BIX-3 diffractometer at JAERI was

Robert Bau carried out on a crystal about 5 Mnin volume and took

approximately 30 days (Kuriharet al, 2001, 2003). The other
sample of rubredoxin used in this study (hereafter called the “triple
mutant”, mut-RdPf) involved replacing (Jennelyal, 2001) three
key amino-acid residues in the core of the protein (specifically, Trp3,
lle23 and Leu32) with the corresponding residues (Tyr3, Val23 and

Single-crystal neutron diffraction data up to a resolution of 1.5 Alle32) from a mesophilic rubredoxin (one fror@lostridium

have been collected at room temperature on two forms of rubredoxi@steurianum a bacterium that grows at normal temperatures).
using the BIX-3 diffractometer at the JRR-3 reactor of the Japarfrystals were grown and neutron data were collected (Chetake
Atomic Energy Research Institute (JAERI). Rubredoxin is a smali2003) in a completely analogous manner to the procedures used for
iron-sulfur redox protein with 53 amino acid residues, and the sourci/ld-type rubredoxin.

of this particular protein is the hyperthermophiRyrococcus In both structure determinations [on RdPf (Kurihetal, 2001,
furiosus a microorganism that normally lives at temperatures nea2003) and mut-RdPf (Chatalke al, 2003)], the neutron data were
that of boiling water. Data were collected on crystals of thephased by the non-hydrogen positions from the X-ray structure
wild-type protein and on a mutant in which three of the residueganalysis (Batet al, 1998; Dayet al, 1992). Hydrogen/deuterium
have been replaced. In this paper we will be describing several se@0ms whose positions could be predicted stereochemically (i.e.,
of results arising from these high-resolution neutron structurgmnost of the H/D atoms from C-H and N-H bonds) were initially
determinations: (a) the H/D exchange pattern of the N-H bonds oplaced at calculated positions, while those whose positions could not
the main backbone, which give information about which regions ofbe predicted (most H/D atoms from O-H bonds) were located from
the molecule are more exposed to solvent; (b) the orientations dfifference-Fourier mapsvide infrg). ~ The entire structure was
some of the O-D bonds in the protein, information which is often noteventually refined by a least-squares procedure (Briinger, 1992).
obtainable from X-ray results; (c) the structure and appearance gtummaries of the results from the data acquisition and the structural
water molecules in the protein crystals; and (d) some structuralefinement of the two structures have been published (Kurittara
features which may help rationalize the remarkable thermal stabilitg@l., 2001, 2003; Chatale al, 2003).

of the wild-type protein from this intriguing microorganism.
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3. Discussion
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furiosus; hydrogen bonds; hydrogen-deuterium exchange. Before launching into a detailed discussion of the results, we should

mention that both samples of rubredoxin used in this study, the
wild-type protein (RdPf) as well as the triple mutant (mut-RdPf),
have been partially deuterated. This was accomplished by
dissolving the protein in §D prior to crystallization, a process that

t:auses most of the exchangeable H atoms in the molecule (most of
he hydrogens in N-H and O-H bonds) to be replaced by deuterium.
his topic will be discussed at greater length later in this paper, in
e section on H/D exchange.

1. Introduction

In an attempt to understand the exceptional thermostability o
rubredoxin from the hyperthermophi®yrococcus furiosugJenney

et al, 2001), we embarked upon the neutron diffraction analysis o
its three-dimensional structure, in the hope that a detailed knowled
of the hydrogen positions in this small protein would reveal
additional geometrical details that were not apparent from an earlier . i
high-resolution X-ray structure determination (Bzial, 1098; Day 1+ Effects of high resolution

et al, 1992). Additionally, we wanted to test the capabilities of theFirst and foremost, it should be pointed out that the high level of
BIX-3 diffractometer (Tanakat al, 1999, 2002; Niimurzet al, resolution of these structure determinations (the highest resoldition o
1994) at the Japan Atomic Energy Research Institute (JAERI), whiclny single-crystal neutron analysis published to date, albeit on a
at the time was just starting to come into operation. We describgelatively small protein of molecular weight, ~6 kDa) allows us to
here some details of the resulting 1.5A-resolution neutron diffractiorsee an unprecedented level of detail. Figure 1 shows a typical
study, as well as a subsequent structure determination of a “triplexample: a Fourier map near the Trp36 residue of the mut-RdP
mutant” variant of the wild-type protein. More importantly, we protein. One can clearly distinguish the H atoms (negative or red
wish to illustrate in this manuscript the usefulness of neutroncontours) from the D, C and N atoms (positive or blue contours), as
diffraction to solve certain problems of biological interest, and wewel|l as resolve the individual atoms of each C-H bond. Another
will highlight here a few examples of the types of information thatindication of the high level of resolution is the fact that one can

can be obtained with this powerful technique. plainly see the “dimple”, or hole, in the middle of the six-membered
ring. Finally, it can be seen that the original N-H bond of this
2. Experimental section particular tryptophan residue is now an N-D bond (blue contours)

after H/D exchange, while the C-H bonds (red contours for the H

Rubredoxin (RdPf) fronPyrococcus furiosysa hyperthermophilic positions) have remained unchanged.

microorganism that grows in deep undersea vents (Verreigain
2001; Zierenberg & Adams, 2000; Stetter, 1998), was expressed and

purified by the group of M.W.W. Adams of the University of 3:2.Directions of O-H bonds

Georgia, using a procedure previously described in the literatur@ ot all H positions can be predicted from an X-ray crystal structure.
(Jenneyet al, 2001; Dayet al, 1992).  Crystals large enough for once the non-hydrogen positions (those of C, N, and O atoms) have
single-crystal neutron diffraction analysis were grown frogdy  peen located from an X-ray analysis of a protein, it is relatively
the sitting-drop vapor-diffusion procedure, using 3.8 M NaK straightforward to calculate the H positions of the C-H bonds, as
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Figure 3

(Fo-Fc) omit map showing some of the hydration water molecules near
residues Gly22, Ser24 and Thr27 of wild-type RdPf. Note the triangular
shape of water molecule #5, showing that all three (D, O, D) are
) - well-ordered. In contrast, the contours of water molecule #6 have an
Figure 1 ellipsoidal shape (stick-shape), showing that only the O-D portion of it is

rdered. Also note that this map allows us to unambiguously identify the

A neutron Fourier map of mut-RdPf near the Trp36 residue. Blue and re&—bond donor and the H-bond acceptor of the (Ser2..D,0(#5)
contours show positive and negative densities, respectively. Note the positive P %f} 2

contours of N-D group, as opposed to the negative contours of the H atoms Bydrogen bond (bottommost green line; see text)
the C-H bonds.

== 4 well as virtually all of the N-H bonds. Not so with O-H bonds.

— Because of free-rotation about the C-O bond, the hydrogen atoms

/ have some positional ambiguity. For O-H’s attachedliphatic

/ carbons (e.g. those of Ser and Thr residues), the usual assumption is
that the O-H bond is in one of the three staggered positions relative

to the sﬁ-hybridized carbon atom, but one cannot be absolutely sure
iy which one of those three possibilities is the correct one withou
actually locating the H position directly. On the other hand, for
O-H groups attached t@aromatic carbons (e.g., those of Tyr

residues), one generally assumes that the O-H bond is coplanar with
% ' the aromatic ring, but once again there is a twofold uncertainty. In
our case (see Figure 2, which shows the map near the Tyr12 residue
of the wild-type protein) we can see the position of the O-D bond
quite unambiguously.

3.3. Hydrogen-bond donors and acceptors

< From an X-ray structure determination it is often not possible to
identify with certainty, in a hydrogen bond, which atom is the
acceptor and which is the donor. Take the map shown in Figure 3,
for example. Note the region between the Ser2¢) @fom and
water #5 (i.e. the bottommost green line). From the oxygen
» positions alone (red atoms) it is not possible to tell if this H-bond is
of the type Q(Ser)—H...O(#S), or gSer)...H—O(#S). But Figure 3

" unambiguously shows that it is the latter: that is, O#5) can be

\A identified as the donor ano\,(Ser) as the acceptor.

3.4. Shapes and sizes of hydration water molecules

Figure 2
The Fourier map near Tyr12 of wild-type RdPf. Note that the direction of From th_e shapes and sizes of various hydration r_n0|ECU|es found
the O-H bond, which often cannot be predicted from X-ray studies, isin the Fourier maps, we have been able to categorize thgs D

unambiguous in this neutron map. Also note that the O-H bond has beefyto three classes: (i) triangular-shaped peaks (in which all three
deuterated, while the C-H bonds have not. atoms, D, O and D, are ordered); (i) ellipsoidal-shaped contours (in
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Ir positive neutron scattering factors respectively, they effectively
appear as though they were different elements in a neutron
difference map (as has already been shown in Figures 1 and 2). In
our case, the fact that our rubredoxin protein was dissolveg@ D

before crystallization means that in principle we should be able to
distinguish those regions of the protein which are more “exposed” to
the solvent (which presumably would be deuterated easily) from
other regions which would be less prone to H/D exchange. It turns
out that, of the numerous H atoms in a protein, it is the N-H
hydrogens of the main-chain backbone that are most sensitive in this
respect. That is because many of those N-H groups are involved in
key hydrogen-bonding interactions within the protein that contribute
to the structural integrity of the molecule, and thus they would be
30 20" 30 more resistant to H/D exchange. Consequently, one could get some
indirect information about the unfolding patterns of a protein from
its H/D exchange behavior. This field of research is being actively
explored by NMR investigators, and in the case of RdPf the NMR
The deuterium populations of the main-chain amide bonds of mut-RdPfH/D exchange behavior has been well studied (Hernaptle,
plotted against residue number, as determined by neutron diffraction. The re2000; Hilleret al, 1997).
circles (corresponding to residues 4, 5, 12, 38 and 43) indicate the positions |n 5 neutron diffraction study, what is done in practice is to
of N-H bonds whose hydrogens have not engaged in H/D exchange 10 3fine the populations of the H and D atoms of the backbone N-H
appreciable extent. . . . .

groups by determining their net neutron scattering amplitudes. A
hydrogen atom has a neutron scattering length of —3.74 fm while the
value for deuterium is +6.68 fm, and so (for example) if a certain site
is 50%/50% occupied by H and D then the net scattering value at
that position will have an intermediate value, or +1.47 fm. Thus,
one can easily work back from the experimental scattering
amplitudes to yield the corresponding H/D ratios.

Our results for rubredoxin are shown in Figure 4. We find that
most of the backbone N-H groups have become deuterated, and that
very few (less than half a dozen) have remained as hydrogen (red
circles in Figure 4). Moreover, we find that many of the
“unexchanged” hydrogen atoms are in two regions of the protein
near the FeSredox center of the molecule (one of these two regions

is shown in Figure 6). Interestingly, the NMR results (Figure 5)

05 10 20 30 10 50 also show that there are two predominant regions that have resisted

residue number deuterium incorporation, and that they are also largely centered
around the Fepcenter (Hernandeet al, 2000). Thus, the two

techniques (NMR and neutron diffraction) are in reasonable

Results of the NMR H/D exchange experiments of RdPf (data taken fronhgreement even though one measurement is dynamic and in
Hernandezet al, 2000), showing the logarithm of exchange rates pIotteds lution While the other is static and in the solid state
against residue number. Note that the slowest-exchanging protons (redo ! ’

circles) are situated roughly in two regions, surrounding the Cys5/Cys8 and
Cys38/Cys41 residues.
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Figure 5

3.6. Thermostability of rubredoxin from  P. furiosus

which two of the three atoms of the hydration molecule are orderedWhat is the overall conclusion? Why is this particular rubredoxin,
either O,D or D,D); and (iii) spherical peaks (in which the entirefrom the hyperthermophiléyrococcus furiosysso much more
D,0 molecule is rotationally disordered). In general, we havestable than rubredoxins from normal mesophilic (room-temperature)

: . .
found that the best-ordered water molecules (with triangular-shapeﬁ"(r;:ggirgtz rllls?k)s\;ioulheV\;gajic:jn,r];IOfm dthaen Tjiﬂtsrﬁgusﬂr;ftgr?hﬁbgft
peaks) are, as expected, those that are closest to the surface of k) dro e)rq bonds 6r salt bridges in this small r0¥ein 9 However

protein molecule. The topic of hydration is discussed in greater ydrog 9 . P : SO
detail in an accompanying article (Chatake & Niimura, 2003) asve did find one structural feature that might be worth mentioning,

well in a recent publication (Ostermaanhal, 2002), from members ﬁgﬁ tit;lat':n;?gvii_tggngi';err?r']r:gfa{;%'r?g O\Iv:i]c?hp;ztrﬁnn- anTh:rg,r eg IS
of the JAERI group. yarog g ;

! ; . . H-bonds involving (i) Asp13, (i) a 0 molecule, (iii) Alal, (iv)

In the earlier high-resolution X-ray study (0.95 A).'t was alSO.GIu14, and (v) finally ending up in Trp3 and Phe29 (Figure 7). It
possible to locate about half of the hydrogen atoms in the proteifl ' peen earlier postulated, from X-ray data [2,3], that residue
(Bauet al, 1996), but very few of the H atoms in water molecules Glul4, which is absent in mesophilic rubredoxins, appears to be

were visible in that investigation. extensively involved in H-bonding. The neutron structure certainly
bears this out, and shows in explicit detail exactly how this set of
3.5. H/D exchange results hydrogen bonds are formed. Note, for example, that in Figure 8 one

An important role of neutron diffraction is its ability to distinguish ¢@n even see the three D atoms around the N-terminus itself,
hydrogen from deuterium. Since these isotopes have negative amstiowing that itis protonated (I\gﬂ)). It is conceivable that this
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Figure 6 ; l

(Fo-Fo) omit map near the iron-sulfur cluster of RdPf. What is illustrated F19ure 8

here are some of the hydrogen atoms (red peaks) and deuterium atoms (blfse-up view of the region near the N-terminus of wild-type RdPf, clearly

peaks) of the backbone N-H groups near the, Fegon. Many of the N-H  spowing the triangular shape of the JBroup at the Alal terminus.
groups that have not exchanged with deuterium (see red circles of Figure 4)

are near the FeSedox center. This plot represents one of the two regions

near the FeScore in which unexchanged backbone N-H bonds are found.  Moiseeva at the University of Southern California, for carrying out

the actual work that is described in this manuscript. | also wish to
thank the U.S. National Science Foundation (Grant No.

CHE-98-16294) for providing partial support for this research effort.
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