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analogue of an effect observed by Edwin H.
Hall in 1879 in a macroscopic conductor. In a
magnetic field, charged particles such as elec-
trons experience a force perpendicular to their
motion, causing them to move in closed circles.
A magnetic field applied at right angles to the
surface of a conductor will therefore deflect the
electrons from their path between the termi-
nals, establishing a voltage perpendicular to the
direction of current flow. In a conventional
solid, the Hall resistance (given by the ratio
between the perpendicular voltage and the 
forwards electron current) increases smoothly
as the applied magnetic field increases. 

In a two-dimensional solid at low tempera-
tures, however, quantum effects — specifically,
the wave-like properties of the electrons —
come into play. Only an integer number of elec-
tron wavelengths may fit into the circular orbits
induced by the magnetic field, restricting the
permitted electron energies to a set of discrete,
quantized values. This means that in turn the
Hall resistance no longer increases continu-
ously with increasing magnetic field strength,
but in a characteristic series of steps quantized
in units of h/e2 (where h is Planck’s constant
and e the electron’s charge). Since its discovery
in 1980, this quantum Hall effect has had a pro-
found impact on semiconductor research, with
two Nobel Prizes in Physics — those of 1985
and 1998 — being awarded for work on it.

Both Novoselov et al.2 and Zhang et al.3

observed quantized steps in the Hall resistance
of graphene — a result that highlights the
exemplary quality of their samples. The exact
numerical values at which the resistance steps
occurred were, however, found to be shifted 
by one-half of a unit from those expected 
for non-relativistic electrons. The relativistic 

obviously encountered RAMPs in one form or
another for millions of years, yet widespread
resistance is rare. Furthermore, previous 
experimental tests suggest that the evolution of
resistance does not readily occur6,7.

However, resistance evolution is all about
the level of exposure. Although bacteria had
been exposed to natural antibiotics such as
penicillin and streptomycin (respectively pro-
duced by the Penicillium mould and Strepto-
myces bacteria) for millions of years, resistance
was at low levels when widespread clinical use
of these drugs began in the 1940s. But after a
few years of exposure to high clinical doses,
resistance was widespread in many species of
pathogenic bacteria.

On the basis of such logic, Perron et al.1

attempted to experimentally induce resistance
to a RAMP in two different bacterial species,
Escherichia coli and Pseudomonas fluorescens.
The RAMP in question, pexiganan, is a syn-
thetic analogue of a RAMP derived from toads
(magainin) that has been modified for use as a
chemotherapeutic agent. The authors exposed
bacteria to slowly increasing concentrations 
of the drug for 600 generations (a few months 
in the lab), unlike previous work where 
drug concentrations were kept constant, and 
populations were allowed to evolve for no
more than 200 generations6,7. The results were
astounding: 22 out of 24 populations of 
bacteria had developed resistance to the drug.

The ability of bacteria to evolve resistance to
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Figure 1 | Slim, strong and a live wire. a, The
honeycomb lattice pattern of graphene explains
its strength and good conductivity. Each carbon
atom (green dot) uses three of its outer valence
electrons to form strong covalent bonds, leaving
one left over that is available for conduction. 
b, The quadratic, newtonian energy–momentum
relation, E�p2/2m* (E, energy; p, momentum; 
m*, reduced mass) is obeyed by electrons in 
a semiconductor. c, The energy–momentum
relation of electrons in graphene is quite
different, E�v|p| (v is the electron velocity),
allowing them to be modelled as massless,
relativistic particles according to the Dirac
formulation of quantum mechanics.

theory provides an explanation: just as Dirac’s
original theory explained why electrons have
an intrinsic angular momentum, known as
spin, the effective Dirac theory for graphene
endows electrons with an additional ‘pseudo-
spin’. When an electron completes a circle in
an applied magnetic field, its pseudospin
rotates by 360°. As is the case for real spin,
such a rotation introduces a 180° phase shift in
the electron wave, so an additional half wave-
length must fit in the circumference of the 
circle, changing the pattern of allowed ener-
gies. The pattern of the observed steps2,3 in the
Hall resistance fits with this picture perfectly,
providing convincing evidence for graphene’s
Dirac electronic structure. 

The electrical conductivity of graphene at
zero magnetic field, with a minimum value 
at low temperature that is close to 4e2/h for
several different samples2, raises interesting

questions. Such a ‘universal’ minimum con-
ductivity is in itself reasonable; how to explain
the precise value, however, is an open ques-
tion. Away from the minimum, the conduc-
tivity varies linearly with electron density —
expected for newtonian electrons, but surpris-
ing for relativistic electrons. Finding answers
to these remaining riddles will be essential for
realizing the potential of graphene-based elec-
tronics. So it’s time for theorists to sharpen
their pencils. ■
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MICROBIOLOGY 

RAMP resistance 
Angus Buckling and Michael Brockhurst

There is an urgent need for new antimicrobial agents because antibiotic
resistance has become so prevalent. But a promising class of such agents,
known as RAMPs, may suffer from the same problem.

In a report published in Proceedings of the
Royal Society, Perron et al.1 demonstrate experi-
mentally that bacteria can readily evolve resis-
tance to a group of proteins called ribosomally
encoded antimicrobial peptides (RAMPs).
RAMPS are produced by animals, plants, fungi
and bacteria as part of their natural defence
against microbial attack2–4, and are being 
developed as antibiotics. But because bacterial
resistance to chemotherapeutic RAMPs could
confer resistance to the battery of innate
human RAMPs4, the worrying prospect is that
widespread use of these agents may compro-
mise our natural defence against bacteria.

With the emergence of bacteria that are
resistant to ‘last resort’ antibiotics such as van-
comycin5, there is a desperate need to identify
new antimicrobial agents. RAMPs may be just
such agents. They are a diverse group of pro-
teins, and their mode of action varies consid-
erably, but a common feature is their positive
charge. This allows them to bind to the nega-
tively charged membranes of bacteria. The
effectiveness of a variety of RAMPs in clinical
trials2,3, and the recent discovery of fungus-
derived RAMPs that can be produced in large
yields3, suggest RAMPs could be in wide-
spread clinical use within the next few years.

The potential advantages of RAMPs are the
apparent difficulty that bacteria face in evolv-
ing resistance to them, and the fact that resis-
tance to conventional antibiotics does not seem
to confer resistance to RAMPs2. Bacteria have
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antibiotics does not necessarily mean that
resistance will become a widespread problem.
Antibiotic resistance often compromises the
bacteria in other ways — for example, by
reducing their growth rate8. This means that
antibiotic-sensitive bacteria will outcompete
the resistant forms when neither is exposed 
to the antibiotic. Perron et al.1 investigated 
this possibility, and indeed found a ‘cost’ 
of antibiotic resistance: in the absence of 
the antibiotic, resistant bacteria took longer 
to start reproducing than control bacteria,
although once they had got going, their repli-
cation rate was unaffected. 

Unfortunately, bacteria have other tricks up
their sleeves. In addition to adapting to anti-
biotics, they can also adapt to antibiotic resis-
tance. There have been numerous cases of
bacteria with antibiotic resistance developing
mutations in other parts of their genome that
compensate for the associated costs8,9. These
adaptations are sometimes so specific that the
growth rate of bacteria can decrease if the
genetic changes conferring antibiotic resis-
tance are replaced with the original sensitive
form of the gene after compensatory adapta-
tion has occurred9.

Why should bacterial resistance to RAMPs
cause more concern than resistance to other
antibiotics? The major problem will be if resis-
tance to chemotherapeutic RAMPs also con-
fers resistance to naturally occurring RAMPs
in humans and other organisms. Bacteria that
are normally dealt with unnoticed by our
innate immune system may then cause serious
infections. Large-scale use of chemotherapeu-
tic RAMPs may ultimately help pathogenic
bacteria colonize parts of animals and plants
that were previously off limits to them. 

This perspective may be overstating the case
for concern. Humans alone produce a highly
diverse arsenal of RAMPs, which are also
thought to be constantly evolving new ways of
targeting bacteria1; and RAMPs constitute
only one part of our natural immunity. Fur-
thermore, RAMP resistance, where observed,
is often specific to a small range of RAMPs4.
There are exceptions, however. A variety of
bacteria, including Staphylococcus aureus —
famed for methicillin resistance — and the
opportunistic pathogen Pseudomonas aerugi-
nosa have evolved a degree of generalized
RAMP resistance by increasing the amount of
positively charged protein in their mem-
branes. The consequence may be to reduce the
binding efficiency of the positively charged
RAMPs10.

As Perron et al.1, and others2–4, emphasize,
RAMPs are likely to make a major contribu-
tion to human health and agriculture. But
given the prospect of resistance, extra caution
is necessary in developing and using them. ■
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SEISMOLOGY

The start of something big? 
Rachel Abercrombie

Can we predict the final size of an earthquake from observations of its first
few seconds? An extensive study of earthquakes around the Pacific Rim
seems to indicate that we can — but uncertainties remain.

How does a seismic fault, initially essentially
immobile, start to slip at speeds of metres per
second as an earthquake rupture front runs
along it at speeds of up to 3 kilometres per sec-
ond? Does the eventual size of an earthquake
depend on the nature of this process? Or do all
earthquakes begin in the same way, with the
extent of rupture determined by conditions
along the fault? Such fundamental questions
get seismologists talking, because knowing
how earthquakes begin is an essential part of
understanding and modelling the dynamics of
earthquake rupture, and may allow an earth-
quake’s course to be predicted. Research until
now has been inconclusive, but results
described by Olson and Allen (page 212 of this
issue)1 imply that the final magnitude of an
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earthquake depends at least partially on what
happens in its first few seconds. This timescale
is equivalent to less than a tenth of the dura-
tion of the larger earthquakes in their study.

Research into the onset of earthquakes large
and small has found that they often begin with
small-amplitude shaking2. The interpretation
of these initial ‘sub-events’ remains controver-
sial. One model has it that a small, isolated sub-
event triggers a larger fault patch, which itself
triggers further fault patches, and so on as long
as sufficient energy is available. In this ‘cascade’
model, the beginning of a large earthquake 
is no different from the beginning of a small
earthquake: therefore, predicting the final
magnitude from the first few seconds is impos-
sible. An alternative model is that the small

Figure 1 | Finding fault. A view of the Lavic Lake seismic fault in California. The Hector Mine
earthquake, one of those considered by Olson and Allen1 in their study of the initial waves of Pacific
Rim earthquakes, occurred along this fault line on 16 October 1999.

K
. M

. J
O

H
N

S/
SP

L

10.11 News & Views MH  4/11/05  4:45 PM  Page 171

Nature  Publishing Group© 2005



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 450
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 450
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 2400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck true
  /PDFX3Check false
  /PDFXCompliantPDFOnly true
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    0.30000
    0.30000
    0.30000
    0.30000
  ]
  /PDFXOutputIntentProfile (OFCOM_PO_P1_F60)
  /PDFXOutputCondition (OFCOM_PO_P1_F60)
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f300130d330b830cd30b9658766f8306e8868793a304a3088307353705237306b90693057305f00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /FRA <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <FEFF004e005000470020005000520049004e005400200050004400460020004a006f00620020004f007000740069006f006e0073002e002000320032006e0064002000530065007000740065006d00620065007200200032003000300034002e002000500044004600200031002e003300200043006f006d007000610074006900620069006c006900740079002e>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [665.858 854.929]
>> setpagedevice




