S& © 1996 Nature America Inc. = hitpi//structbio.nalure.com

news and views

The name is bond — H bond

TW. Martin and Zygmunt $. Derewenda

The hydrogen bond plays a critical role in diverse biological phenomena. Although discovered 90 years ago, the

pracise chemical nature of this unique interaction has remained in dispute. A recent Compton-scattering

experiment, however, strongly supports a partially covalent picture of the hydrogen bond.

‘It seems to me that the most important
addition to my theory of valence lies in the
suggestion of what has beceme known as the
hydragen bond.”

Gitbert N. Lewis, Valence and the struc-
rure of atoms and molecules, 1923

{ believe. that as the methods of structural
chemistry are further applied to physiological
problems it will be found that the significance
of the hydrogen bond for physiclogy is greater
than that of any other single structural fea-
ture,”

Linus Pauling. The nature of the chemical
bond. 1939.

Hydrogen bonds constitute a unique type of
interatomic interaction. with energies typi-
cally in the range of 2-10 keal mol™. These
values are intermediate between covalent
bunds and weak interactions, such as Van
der Waals forces. The small but significan
energy of the hydrogen bond allows its for-
mation and disruplion under a wide range
of physiclogical temperatures and condi-
tions. Hydrogen bonds are directional and
are therefore suited to play a role in molecu-
far recognition phenomena, Morcover,
most enzymatic reactions rely on shuttling
protons, very often utilizing networks of
hydrogen bonds. Given the obvious impor-
tance and ubiguitous nature of hydrogen
bonds. it is remarkable that their chemical
character has often been fiercely debated
in the literature. However, the debates
should now subside, thanks to a recent
publication in Physical Review

Lerterst. A group of researchers g

1920s. The idea was conceived at the
Chermical Laboratory of the University of
California, Berkeley, already renowned for
the work of G.N. Lewis who formulated the
valence theory in 1916. Apparently, the con-
cept was developed independentdy by
Maurice Huggins, who used it in a thesis to
explain tautomerism in acetoacetic acid
esters, and by Wendell Latimer and Worth
Rodebush?, who are typically credited with
the first publication on the subject. In 1922,
Linus Pauling arrived in California, albuit
at  Pasadenas California  Institute  of
Technology rather than his first choice,
Berkeley. He read the paper by Latimer and
Rodebush soon after. and the concept
became a favorite of his. After spending
some time in Germany with Arthur
Sommerfeld, Pauling returned 1o Pasadena
where. as a faculty member. he resumed
work on the nature of the chemical bond
and published his first paper addressing the
hydrogen bond in 1928°

The hydrogen bond concept was not
widely known Tor the first decade of its exis-
tence. In 1933, J.D. Bermal and R. Fowler
published their seminal paper on the struc-
wre of water*, inspired. according 1o llys
Ehrenburg, by a rainy day at the Moscow
central airport as both scientists waited
under an awning’. Although the paper dis-
cusses at length the wetrahedral coordination
of water molecules. nowhere are hydrogen
bonds mentioned by name. nor are vefer-
ences to Latimer and Rodebush or Pauling
o be found. Similarly, the concept may not
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It {s not easy Lo teace the his-
tory of the hydrogen bond con-
cept, particularly since the term

\iH/Cb\CH{ N;l\CO/C}iR\&{c‘O}H{Nh\CO/d& \M{/

R { .

have been known to William Astbury. who
published his models of - and P-keratin
that sane year®. Astbury referred only 1o
‘attractions between NH and CO groups in
adjacent polypeptide chains, which he visu-
alized in the diagrams with broken lines
identical to thase with which he linked adja-
cent CeHR groups {Fig. 1a). Reading these
two papers ane cannot escape the conclu-
sion that English science did not have hydro-
gen bonds in its vocabulary in 1933.

This situation changed a year later when
Bernal completed a treatise on the function
of hydrogen in intermolecular forces, explic-
itly invoking the hydrogen bond {curiously
pheased “the so-called hydrogen bond of
Huggins and Pauling”, with no reference
Latimer and Rosebush) and proposing
unnecessarily — a new type of this interac-
tion. the “hydroxyl bond. in which two
hydroxyls are bonded by two symmeliric
hydrogen bonds’. In the same year. the
structure of water was addressed by Pauling,
who pointed out that many properties of
water and ice can be attributed to hydrogen
bonds®.

The structure of proteins was also quickly
revisited. In their paper on the dernaturation
of proteins, Alfred Mirsky and Pauling sug-
gested that the conformation of a polypep-
tide chain is defined by hydrogen bonds
between the peptide nitrogen and oxygen
atoms, although they did not show any
structural details?. This was che first instance
of hydrogen bonding explicitly implicated
in protein structure. Shortly alier. and
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Fig. 1 Early views of interactions of amide and carbonyl groups
1933 (adapted from ref. 6). b, Huggins’ description of inter-chain

nature structural biology » volume 6 number & - may 1999

in proteins. a, Astbury’s model of keratin in
hydrogen bridges in 1937 {ref. 10).
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probably befare Pauling’s paper was pub-
lished, Huggins'® carefully  analyzed
Astbury’s disgrams, and pointed out that
the amide hydrogen must be out of the
plane of the peptide {the entire polypeptide
backlbone was assumed 10 lie in one pkme)
unless resonance is invoked. so that “the
arhital of the lone pair on the nitrogen (is}
in the plane of the chain” (Fig. 15). Sadly,
Huggins failed to realize the importance of
his statement, and did not expand on the
consequences of resonance in the peptide
bond. Nonetheless, he bitterly argued for
the rest of his career that it was he, and not
Pauling, who first proposed that the peptide
unit is planar't,

As the American chemisis were converg-
ing on protein structure,  in England,
Dorothy Wrinch was advocating the ‘cyclol
theory of proteins'®. in which the peptide
linkages took the form of -C{OH)-N =
instead of - (CO)-{NH}-. as others were
proposing. In this theory, no hydrogen
ponds of the classical type were possible.
Pauling was quick to recognize the faulis in
this model and published a critical paper in
July of 1939, in which he emphasized the pla-
narity of the peptide bond ™, His paper was
aut only weeks before Nazi Germany invad-
o Poland on September 1, and it was very
likely missed by many European sclentists.
That same year, Pauling published his text-
book The nature of the chemical bond, which
devoted a full chapter to hydrogen bonding.

With the war on, the study of hydrogen
honds and proteins was not a 1op priority.
One of the few noteworthy papers of those
years was authored, again, by Huggins, who
touk his ideas on pratein conformation Tur-
ther and proposed parallel and antiparallel
extended sheets and helical structure!. As
already noted, he failed to grasp the impor-
rance of the planarity of the peptide bond in
the helices, although one of his models i
very close to a 3jg-helix. The sheets also con-
1ain errors, although the hydrogen-bond
pairing is essentially correct. Interestingly,
Huggins slso implicates the Ca-bound pro-
tons in hydrogen bonds with carbonyl oxy-
gens in the adjacent chains. This was the
first-ever reference to C-He-Q hydrogen
bonds in proteins, an idea thai ook aver 50
years to resurface but which is now general-
ly accepted 346,

The more recent history of the hydrogen
tond concepl in structural biology is better
known. In 1951, Pauling. Robert Corey and
H. Branson published accurate models of
helical and extended polypeptide chains.
and two years later Crick and Watson used
hydrogen bonding between bases in their
DNA model 1o achieve complementarity. In
1957 a major international conference,
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sponsored by TUPAC. was convened in
Yugoslavia to discuss the progress in the
understanding of the hydrogen bond.
Papers were presented by Pauling. Bernal,
Pople. Coulson, Eigen and athers.

I spite of substantial progress. the prob-
lem of the exact nature of the hydrogen
bond remained unsolved. Early on (con-
trary to some Hterature] Pauling and others
considered the hydrogen bond (0 be essen-
tially an electrostatic interaction. Tt was not
until later that Pauting proposed the partial-
ly covalent character of this interaction.
Although there is always some theoretical

Fig. 2 Compton scattering from an anisotropic
wavefunction. An incoming photon  with
momentum p and wavelength » will always scat-
ter with a smaller momentum p* and a longer
wavelength. The scattering angle is b. The vector
¢ represents the direction of the bond axis, while
g represents the momentum transferred to the
recoiling electron. The mornentum change of the
photon is equal and opposite to that of the elec-
tron, since momentum consarvation requires p =
p' + q. In the ilfustration, a photon scatters off
one of the allowed electron momentum states of
the wavefunction, which is necessarily oriented
along the ¢ axis. Essentially no scattering comes
from covalent states when the bond axis ¢, and a
potential scattering vector q are parpendiculan

overlap o elsctronic  wavefunctions
between neighboring atoms, Pauling was
suggesting that electron sharing might be
energetically significant enough to explain
many hydrogen bond features, such as its
strength and directionality. Chemical evi-
dence. unfortunately, was indirect and
ambigucus and the notion has been disput-
ed ever since. The experimental validation
of Pauling's idea had to await the resuits of a
23-hour X-ray scattering experiment per-
formed at the ESRE in Grenoble last year!.
Analysis of these data has provided the first
‘Compton profile’ of the hydrogen band
wavefunction in lce Ih (which is common
ice. space group PBy/mmm).

A brief review of the method is in order.
Thomson scattering, which forms the basis
of standard X-ray crystallography, can be
conceptualized in essentially classical termus!
an incoming electromagnetic wave induces
point parlicles to vibrate. so that these in
wrn become sources of radiation with
wavelength identical to that of the incident
ray. These waves can then interferg and pro-
duce diffraction-like effects in the familiar
mianner. Although an obvious oversimplifi-
cation, this picture is quite useful in prac-
tice. Compton scattering, in contrast. is 4
fundamentally quantum-mechanical phe-
nomenon. Here we imagine the scattering
event 1o be the collision of a photon with
another particle, such as an electron. The
scattered photon loses enecgy and momen-
tum to the particle, and therefore experi-
ences a change in wavelength.

Arthur  Compton  used  siniple
energy/momentum conservation to derve
a relation between photon wavelength shift
and scattering angle: A% = h{l - cos8)/mc.
(where AA is the wavelength shift, 8 is the
scattering angle, m is the mass of the parti-
cle, his Planck’s constant and ¢ is the speed
of light)'". He verified this result in 1922
and received @ Nobel prize for this work in
1927 The form of the equation used in the
present experinment is written i terms of
energy shift: AL = hig¥2m + hq.pJ/n
{where  is the magnitude of g. that is.
g={g}. g is the momentum transferred w
the electron and p, is the electron momen-
tum itself). The fiest term corresponds 1o
Compton’s original equation, while the
second is a Doppler” portion. The second
term enables researchers to probe the
momentum states of 4 systern by recording
the intensity {rumber) of photons deflect-
ed at various angles. For an electron. the set
of allowed momentum states corresporids
to its probability density {wavefunction).
The more prominent a given momentum
state is in a wavefunction, then the greater
the number of photons scattering with that
momentum shift. Such a pattern of intensi-
ty versus scattering angle constitutes the
Compton profile of the system.

Thomson scattering yields its strongest
signal from tightly-bound core electrons.
insofar as these clectrons elastically ‘reflect’
the incoming wave. Indeed, Thomson scat:
tering is just a special case in which Adis
negligible because m in the above equation
is effectively the mass of the atom, rather
than the electron. For this reason.
Compton scattering is betrer suited to the
detection of valence electrons. Outer shell
electrons are held comparatively weakly,
and therefore recoil more like free electyons.
In particular, electrons within covalent
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Fig. 3 a, Electron momentum versus anisotropy. This is the Compton profile of the electronic
wavefunction with the isotropic component subtracted out. The dots represent the measured
data vatues. The solid line depicts the expected profile based on a quantum-mechanical madel of
the hydrogen bond, while the dotted line depicts the profile expected using a classic, purely elec-
trostatic picture of the hydrogen bond in water. b, This is the Fourier transform of (a) from
momentum-space to position-space. The kay to the lines is the same as in (a). The peaks at 0.B9,
1.72 and 2.85 A indicate the positional bounds of the momentum states—that is, they indicate the
lengths of covalent wavefunctions. Peaks at higher values are simply extensions of these continu-

ous wavetunctions in the crystal lattice. The 2.85 A

peak indicates an extended wavefunction

between nearest-neighbor oxygens {O-O). Note that the hydrogen bond peak (1.72 A} and the O-
O peak are strong because they represent electrons that are held more foosely, and which there-
fore act as strong Compton scatterers. The O-H bond (0.89 A) has a very weak peak by comparison.
The 'classic* trace using an electrostatic prediction (dotted line) has a small peak al ~1.0 A because
1t contains the single, strong covalent bond between oxygen and hydrogen. Figures modified

from ref. 1, courtesy of E. isaacs.

bonds have highly directional wavefunc-
tions. and therefore have momentum states
that tend to be directed along a specific axis.
As a consequence, the Compton scattering
profile of a covalent bond depends strongly
on the relative orientation of the scattering
vector and the bond axis {Fig. 2).

The Grenoble experiment hinges on this
anisolropy. Two trials were performed: one
with the crystal placed so that the scattering
vector q was aligned with the hexagonal ¢-
axis {itself aligned with a high proportion of
hydrogen bonds), and one with the scatter-
ing vector aligned perpendicolar to that
axis. The values ol photon momenta al a
range of angles were recorded for both tri-
als. The initial data take the form of an elec-
tron momentum density, because for each
detected {scattered) photon momentum,
an clectron momentum is determined, and
the percent difference between the two trials
depicted (Fig. 3a). This procedure effective-
ly subtracts out isotropic scattering, such as
that produced by inner shell electrons. as
well as background from bonds not orient-
ed along the axis. In principle, only those
extended wavelunctions oriented along the
¢c-axis should stand out.

The oscillatory behavior illustrated in
Fig. 3aarises from interference generated by
averlapping wavefunctions — that is, from
covalent bonds. This momentum-space
profile of the net wavefunction can then be
Fourier-transformed into a position-space
profile, generating a graph of intensity ver-

susiength (Fig. 30). Length’ corresponds to
the bounds of the component wavefunc-
tions. Peaks at ~0.89. 2.85 and 1.72 A corce-
spond closely 0 the O-H bond (1.0 A).
nearest-neighbor O-O distance {2.75 A,
and hydrogen-bond  distance  (1.75 Ay
respectively. These last two peaks represent
the significant new experimental result
They are direct evidence for a continuous,
phase-coherent  wavefunction  between
nearest-neighbor oxygen atoms in the ice
lattice, with part of the wavefunction com-
posed of the hydrogen bond iself (Fig. 4).
The electrostatic aspect of the hydrogen
bond must therefore be understood in con-

Fig. 4 Highly schematic representa-
tion of the hydrogen bond. The near-
est-neighbior oxygen distance in the
ice lattice is -2.75 A, The O-H {o-
bond) distance is ~1.0 A, and the
hydrogen-bond distance is ~1.75 A,
in a, the v-bond is depicted as the
overlap of the hydrogen s-orbital and
an oxygen sp’ orbital. The hydrogen
bond is depicted in terms of the polar
hydrogen (84} for the sp* lone-pair
{a-} on the opposing oxygen. Thisis a
‘dassical’ electrostatic picture of the
hydrogen bond. In b, the lone-pair
electrons are shown spending a non-
negligible portion of their time in the
vidnity of the hydrogen, although
electrostatic attraction remains the
dominant effect. Although the effect
may seem small, it is significant
because it leats to an essentially con-
tinuous wavefunction between the

junction

with  wavefunction  spreading
between the hydrogen and hydrogen-bond-
ed oxygen. This quantum mechanical pic-
wre fits the daa far better than a purely
glectrostatic model.

The results indicate ~10% covalent char-
acter {the exaci value 15 not yet published}.
or a mixture of idealized states. The vahe of
10% covalency implies a superposition
state which is 0% pure clectrostatic state
and 10% pure covalent state. Alternatively.
this cary be thought of as the % contribution
of the respective interactions to the overall
honding energy. Diatomic hydrogen. for
example. is purely covalent (100%) with no
electrostatic component, while NaClis 73%
electrostatic and 25% covalent. The cova-
lert component of the hydrogen bond,
while small in raw numerical terms, can
nevertheless explain its unusual properties
-~ just as Pauling suspected,

In some respects, the Grenoble exper-

“ment is the iverse of The typical X-ray dil-

fraction experiment. [nstead ol wsing the
wave character of light to nail down the
position of particles. here the particle
nature of light is used to demonsirate the
wave nature of bonding electrons. Although
this experiment helps w close one chaple:
in the history of the hydrogen bond, its fun-
damental significance will undoubtedly
spawn other controversies. How widely
does the covalency percentage vary among
hydrogen bonds? How sensitive is the direc-
tionality of the bond to this percentage?
Cansidering the importance of hydrogen-
bond directicmality to molecular recogni-
tion, the answer to this second guestion
could be of use to biomolecular engineering
efforts. Thus. despite these new results. the
hydrogen bond will likely continue 1o b a
subject of investigation for some time to

come,

two oxygens, with ‘nodes’ at distances of 1.0 and 1.75 A. The described experiment’ indicates that
this picture must be used for a full understanding of the hydragen bond.
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